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ABSTRACT
Gynogenesis or androgenesis were used to produce com plete ly  homozygous inbred 
tish, from which clonal lines were established by subsequent gynogenesis, androgenesis 
and sib mating. H om ozygosity o f the inbred lines was verified using  m ultilocus DNA 
fingerprinting and isozym e locus ADA*, which show ed all gynogenetic  offspring to have 
only maternal inheritance. DNA fingerprints o f meiotic and m ito tic  gynogens showed 
bands consistent with those o f their m other but not o f their fa ther. Inbred clones also 
showed identical banding patterns with their m itotic m other and  not their father. The 
outbred clones, in contrast, shared bands with both parents accord ing  to M endelian 
inheritance.
Sex ratios o f both meiotic and m itotic gynogenetics w ere  analysed and a 
significantly higher num ber o f females (P<0.05) w ere found in bo th  gynogenetic groups. 
All inbred clones, except one line, were 100% fem ales.
MHC class II B genotypes o f the clonal lines were determ ined  by PCR. Scale 
grafting was carried out betw een clonal lines w here two sets o f g ra fts  were reciprocally 
exchanged. Both .sets o f grafts were com pletely rejected by reciprocal recipient fish. The 
mean survival time o f the .second set o f grafts was significantly sh o rte r than that o f the first 
set. This suggested that the differences in the M HC haplotypes o f  different clonal lines 
exerted strong alloantigenic effects on the foreign grafts which led to  their rejection and 
memory in im m une system.
Non-specific im m une re.spon.se o f different inbred and o u tb red  clonal lines was 
exam ined by analysing an array o f im m unological param eters. S ignificantly  different 
SCI urn lysozyme activity (P<0.05) was found between inbred clonal lines. The outbred
clonal lines show ed an interm ediate level o f lysozym e activity to that o f  their parents. 
Significant differences were fo u n d  betw een the num ber o f m acrophages contain ing 0 and 
> 10 phagocytosed bacteria betw een the different groups. In the artificial challenge, 
significantly different susceptib ility  to A. hydrophilci infection was found betw een inbred 
clonal lines. The outbred c lo n a l lines show ed an interm ediate infection level between that 
o f their parents, and their d isease  resistance was higher than that o f the lea.st resistant 
parent. The artificial challenge results revealed that there was a genetic difference in the 
disease resistance between d ifferen t clonal groups o f  fish. It also suggested that disease 
resistance o f an outbred popu lation  m ight be im proved by crossbreeding.
In the name o f  Almighty Allah, the compassionate and the m erciful 
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Figure 4.6 Susceptibility of tilapia to A. hydrophila  after an 
artificial challenge
ICL A- Inbred clone 009356316, ICL B- Inbred clone
010036092, URC- U nrelated Control
Colum n with different letters (a, b) indicate significant
difference at P<0.05
Tw elve fish were used per group
Figure 4.7 Serum  lysozyme activity in the different groups o f 
tilapia, O. niloticus
ICL A-Inbred clone 009356316, ICL B-inbred clone 
010036092, ICL C-inbred clone 006812566, OCL 
A xB-Outbred clone AxB, O CL BxC-O utbred clone 
BxC, OCL CxA-Outbred clone C xA , URC-Unrelated 
control
Colum n with different letters (a, b, c) indicate 
significant difference at P<0.05 
Ten fish were sampled per group
Figure 4.8 Level of phagocytic activity betw een m acrophages o f 
different groups of tilapia, (). niloticus
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Figure 4 .9  Cum ulative m ortalities (%) o f  tilapia during an 
artificial challenge by A. hydrophila
ICL A -Inbred clone 009356316, ICL B-Inbred clone 
010036092, ICL C -Inbred clone 006812566, O CL 
A xB-Outbred clone A xB , OCL B xC -O utbred clone 
BxC, O CL C xA -O utbred clone CxA  
Thirty fish were used for each group 183
Figure 4 .1 0  Susceptibility o f tilap ia  to A. hydrophila  
artificial challenge
after an
ICl A -Inbred clone 009356316, ICL B-Inbred clone
010036092, ICL C -Inbred clone 006812566, O CL
AxB-O utbred clone A xB , OCL BxC- O utbred clone
BxC, O C L CxA- O utbred clone CxA
Colum n with d ifferent letters (a, b, c) indicate
significant difference at P<0.05
Thirty fish were used for each group 184
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1. General Introduction
1.1 Introduction
O v e r the last few decades, aquaculture has been practised to  m ake up the 
shortfall from  wild fisheries. According to the intensity o f aquaculture, it can be 
categorised into three groups ; extensive, sem i-intensive, and intensive aquaculture. In 
the past it was m ostly extensive aquaculture which was practi.sed, but due to the 
developm ent o f culture facilities, for exam ple, hatcheries, different culture units, feeds, 
water quality  m anagem ent aids, sem i-intensive and intensive aquaculture .systems are 
now being practising in m ost parts o f the world. It is well know n that in the last few 
years, w orld  fish production from both w ild capture and aquaculture has increased 
considerably but the quality o f fish from  wild capture has been declin ing over this 
period. T here  are many factors, which m ay be responsible for the degradation  o f fish 
quality, and  continuous exploitation o f natural stocks is to be considered the m ain one. It 
reduces th e  vulnerable fish population and consequently low value or poor species are 
often being  captured. In the ca.se o f culture fisheries, aquaculture has been expanded 
mainly due  to technical advances but very lim ited effort to m anage the genetic status o f 
lish is be ing  used. As a result, loss o f genetic variation is com m on in poorly  m anaged 
cultured strains. Genetic variation is considered as the raw m aterial for evolution  and 
selection. Exploitation o f genetic variation through selection and m odern genetic 
m anipulation techniques has led to huge im provem ents in other species but in fish this 
has been lim ited to a few species, such as G IFT (G enetically Im proved Farm ed T ilapia) 
(Eknath e t al. (1993) and salmon (K inghorn, 1983; Chevassus, 1980, 1992). To 
maintain the genetic variation within populations, it is cs.sential to m anage the 
bloodstock properly. But unfortunately, inbreeding has occurred in most fish hatcheries 
and has resu lted  in the reduction o f genetic variation within populations. As a result the
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progenies often face grow th difficulties, such as a lower growth rate, lack o f  disease 
resistance, deform ities and early maturation (Kincaid, 1976, 1983; B ondari and 
Dunham, 1987; T ripathi and Khan, 1990).
In intensive culture, fish are usually stocked at relatively high densities and this 
is known to cause problem s o f stress and disease. Disease can affect or som etim es 
totally destroy w hole fish stocks. There are at least four basic measures to  reduce or 
control fish disease; i) treatm ent with drugs, ii) killing o f di.seased fishes and replacing 
stocks after disinfection, iii) vaccination, and iv) improvement of disease resistance by 
selection o r  genetic m anipulation. The first three measures have been frequently  applied 
(Hayes, 1984; De K inkelin and M ichel, 1984; Lamers, 1985), while little in form ation  is 
available on  the fourth. The concept o f genetic resistance is receiving a lot o f  attention  at 
the m om ent since the other methods described are facing a variety o f setbacks. In the 
case o f d rug treatm ent, the antibiotic Oxytetracycline, fed orally, has been approved  for 
specific bacterial diseases. However, experim ental results show that this drug could  be 
imm unosuppressive for thym us-dependent im m une responses in carp (R ijkers et al., 
1980; Grondel and Boesten, 1982). A sim ilar effect has been found in rainbow trout. For 
the prevention o f fish diseases, vaccination has been suggested as an alternative to 
treatment w ith antibiotics. Although some successful results o f vaccination o f  Atlantic 
salmon against furunculosis have been reported (Erdal and Reitan, 1992), vaccines have 
not yet been effectively produced against all fish diseases.
Fish possess a variety o f defence m echanism s against infection and these  include 
a mechanical barrier (skin), a non-specific immune .system such as lysozyme, interferon, 
complement and phagocytic cells, and a specific immune system. It is know n that the 
specific im m une system  o f  mammals, birds and am phibians arc controlled by a group o f 
closely linked genes called the major histcKompatibility complex (M HC) (G ö tze , 1977;
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Flaherty and C ohen, 1982). Like mammal.s, fi.sh also have a distinct M H C -controlled 
im m une system which has been determ ined from skin transplantation and mixed 
lym phocyte reaction experim ents (R ijkers, 1982; K o m en e ru /., 1990).
The M HC in fish is com posed o f tw o m ajor classes o f genes, class I and class II, 
and these genes are located on clo.sely related chrom osom al regions. Recent studies on 
the M HC of fish revealed that class I and class II loci are located in different linkage 
groups and these two m olecules segregate independently (S te te r« /., 1998). T he M HC 
genes are polym orphic in nature so that each gene possesses m any alleles. T hese M HC 
alleles are inherited from each parent to their offspring as a set known as a haplotype. 
U nlike MHC in higher vertebrates, fish M HC is less studied and its haplotype 
characteristics are yet to be fully elucidated. A recent study determ ined the presence o f 
M H C in cichlids and so far 21 different haplotypes have been identified (Edward 
.Malaga, Personal com m unication). In the present study, different clonal lines of 
O reochrom is niloticiis were produced and their M HC haplotypes w ere identified by 
PCR am plification and sequencing. Klein (1986) suggested that M HC haplotypes are 
closely linked to disease resistance. M HC genes have been shown to be responsible for 
disease resistance in hum ans (Silver and G oycrt, 1985), mice (Q uddus er al., 1986) and 
chickens (M aijala, 1984). Since fish elicit an im m une response against foreign antigens, 
it m ight be argued that particular M HC haplotypes along with other resistance genes 
enable to protect them from disease. Like other vertebrates, it can be expected  that by 
studying fish M H C  genes, certain M HC haplotypes relating to disease resistance could 
be identified and those haplotypes could be used to produce more disease resistant 
strains of fish.
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1.2 Importance of selection and genetic manipulation in aquaculture
The application o f selection and genetic manipulation techniques in agriculture, 
both for plants and livestock, has been shown to increase production. In the last few 
decades, m any high yielding and disease resistant strains have been developed for 
agriculture. In aquaculture, genetic m anipulation is comparatively new  and less 
frequently applied. In recent years, a variety o f genetic manipulation techniques have 
been applied to different fish species and in some cases, satisfactory resu lts  have been 
obtained. However, these techniques are still mostly confined to laboratory studies.
Until now, the m ost studied com ponent o f fish genetics is chrom osom e set 
manipulation. Biologically fishes are oviparous anim als and this characteristic  presents 
opportunities for manipulating their chromo.some numbers. By m anipulating 
chrom osom e sets, it has been possible to  produce haploids, polyploids (triploids and 
tetraploids), and gynogenetic and androgenetic dipoloids in many fish  species. The 
triploid fishes are expected to be functionally sterile and this has been show n in the case 
of tilapia (Penm an et cil., 1987b; Hus.sain, 1992). The production o f  triploid sterile 
tilapia has considerable potential in tilapia culture, because it could so lve the well- 
documented problem  o f early m aturation and unwanted breeding (M air and Little, 
1991). As triploids are sterile, they can be cultured in natural w aters w ith reduced 
adverse environm ental impacts (Tave, 1993). However, in tilapia, the technical 
difficulties associated with large scale triploid production have prevented  this from 
being a com m ercially feasible technique for aquaculture.
In the last few years, studies on gynogenesis and androgenesis have been 
attempted w ith the objective of producing homozygous inbred and clonal lines. The 
inbred lines can be used for many research purpo.ses such as gene m apping (A llendorf et 
ciL, 1986) and standardisation o f bioassays in immunological and endocrinological
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studies. As w ell as these areas, gynogenesis and androgenesis can be used in the genetic 
analysis o f traits such as elucidating sex determ ining m echanism s (K om en and Ritcher, 
1993), and to  develop techniques for genetic m anipulation o f the m echanism s to 
produce m onosex populations for culture (A vtalion and Don, 1990, Pandian and 
Varadaraj, 1990, M air et al., 1991a, 1991b). A part from the production o f valuable 
inbred and clonal lines, androgenesis can also be used to recover genotypes from  
cryopreserved sperm atozoa (M cA ndrew  et al., 1993).
D evelopm ent of disease resistant strain o f  fish is another prom ising objective o f  
genetic m anipulation techniques. Fish have a distinct im m une system  w hich as 
explained above is controlled by a group o f polym orphic genes called the M HC 
(Rijkers, 1982). As well as M HC genes, fish m ight possess som e other genes w hich also 
control the im m une respon.se. The im m une response genes can be m anipulated by 
producing hom ozygous inbred and clonal lines through either gynogenesis or 
androgenesis. Since inbred lines are hom ozygous at every gene locus for a particular 
allelic set o f  genes, they may differ from each other and show variable disease 
resistance. In vivo  and in vitro analyses o f the specific and non-specific im m une 
responses o f inbred lines may reveal the nature o f  different alleles o f genes and thus 
more disease resistant strains can be developed.
In the case o f cichlids, the identification o f  disease resistant strains and using 
them in selective breeding to produce more resistant individuals is quite new. Selective 
breeding has been used in salm on, trout and com m on carp to im prove growth (G jedrem , 
1983). G enetic variation in resistance to furunculosis challenge has been reported in 
Atlantic salm on (Salm o .sahir) and it was suggested that resistance to furunculosis could 
be effectively improved by selective breeding (G jedrem  et al., 1991). M ass selection for 
resistance to induced furunculosis in the fingcriings o f brook and brow n trout greatly
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reduced m ortalities (Ehlinger, 1977).
Disease resistant traits could also be manipulated from one species to  another by 
gynogenesis using incom plete irradiated sperm. The offspring produced by this way 
contain some residual paternal inheritance w hich may show resistance to certain 
diseases and it has been found in rainbow  trout (Thorgaard et al., 1985; D isney et al., 
1987).
1.3 Tilapia -  a model fish for genetic studies
Tilapia are bony fishes and m embers o f the family Cichlidae. T h is  group is 
endemic in A frica but many of its m em bers have been distributed in m any countries o f  
the world. M any tilapia species are being cultured in different coun tries but it is 
generally agreed that O reochromis niloticus  is the most prom ising species fo r  freshwater 
culture. The m ajor production o f tilapia comes from three O reochrom is species, O. 
aureus, O. m ossam hicus  and O. niloticus. Among the three species, O. n ilo ticus  is the 
best and preferred both by farmers and consum ers, becau.se of its fast g row th  rate, tasty 
Hesh, deep body and com paratively older spawning age.
For genetic studies, tilapia is considered as a suitable fish species. They have a 
comparatively short generation time, usually attain sexual maturity at the  age o f 4-6 
months and fem ales spawn regularly at 3-6 week intervals. Sexual differentiation o f the 
gonads (ovary or testis) o f a characteristic morphology occurs in O reochroniis species 
around 15 to 30 days after fertilisation at 23 to 25 "C (Nakamura and T akahashi, 1973). 
Immediately after attaining sexual maturity, and at a suitable water tem perature, most 
tilapia females are able to undergo successive breeding cycles, producing new  broods at 
4 to 6 week intervals and thus able to spawn throughout the year under the correct
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conditions. T ilapia are very easy to spawn and can be reared, grown and m atured in 
aquarium  systems (Trew avas, 1983).
O. niloticus  can spaw n in both natural and artificial conditions. Under natural 
conditions, the m ale O reochrom is takes sole responsibility  for selecting and 
constructing the nest where spaw ning takes place (Low e-M cC onnel, 1959; Ruwet, 
1963). During .spawning, the fem ale lays her eggs in the nest and then the male fish 
swims over the eggs and sheds his sperm  on top o f eggs. A fter fertilisation, the fem ale 
collects all her eggs in the m outh where hatching takes place. The fem ale takes care o f 
her offspring for approxim ately 20-30 days after spaw ning and then leaves them.
In laboratory conditions, O. niloticus  reach to sexual m aturity around 6 m onths 
and are able to .spawn at two w eek intervals. Artificial spaw ning can be carried out by 
stripping eggs from  a fully ovulated fem ale and fertilised  them with sperm  collected 
from m ature males (V alenti, 1975). Generally, tilapia spaw n between 20-23 °C and their 
secondary sexual breeding characteristics becom e prom inent above 20 °C (Fryer and 
lies, 1972, cited in Trew avas, 1983). The reproductive cycle o f tilapia is usually halted 
at w ater tem peratures below 20 ”C (Huet, 1972, cited in Trew avas, 1983).
In the present study, O. niloticus was used as a model species. Am ong the 
cichlids, C). n ilo ticus  is the m ost widely studied .species in the Institute o f  Aquaculture. 
Over the last 15 years, m any ploidy m anipulation techniques such as diploid 
gynogenesis, androgenesis, triploidy, genetic m arkers, karyology and experim ental 
approaches o f O. n ilo ticus  have been developed in this Institute (e.g. .M cA ndrew  and 
.Majumdar, 1983; H ussain, 1992; Myers er <//., 1995).
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1.4 Gy nogenesis
G ynogenesis is an artificial reproductive process where by em bryonic inheritance 
is entirely m aternal and no genetic material is incorporated into the developing embryo 
from the paternal side. It is, therefore, necessary to destroy the sperm D N A  before they 
are used to fertilise norm al eggs. Artificial gynogenesis was first perform ed in the frog. 
Rami fusca  by Hertw ig (1911, cited by Purdom, 1983 and Ihssen, et a l., 1990). He 
observed that when eggs were fertilised with higher doses o f gamma irradiated sperm, 
the developm ent o f  the em bryos was m ore normal than those fertilised w ith a lower 
dose of irradiated sperm . This paradoxical phenomenon known as the “H ertw ig effect” , 
enabled optim isation o f the irradiation dose so as to produce a high fertilisation rate and 
large num bers o f haploid em bryos (Don and Avtalion, 1988a; Penman, 1989).
Different m ethods have been used for the inactivation o f sperm  DNA. Earlier 
works used gam m a or X-rays for the inactivation o f sperm because they have a high 
penetration and can be used to treat large quantities o f sperm. However, som e residual 
parental characteristics or chrom osom e fragments have been detected in gam m a or X- 
rays irradiated sperm , w hich make this type of irradiation unsuitable fo r gynogenesis 
work (Ijiri, 1980; O nozato, 1984; Chourrout and Quillet, 1982; Thorgaard et al., 1985; 
Allen, 1987). Chem ical m utagens such as diemethylsulphate or toluidine b lue have al.so 
been used to inactivate sperm  of am phibians and fish (Briggs, 1952; Tsoy, 1969; 
Chourrout, 1986). As with gam m a or X-rays irradiation, supernum erary chrom osom e 
Iragments were found in the chem ical mutagen treated sperm o f rainbow  trout, 
Oncnrhymha.s myki.s.s (Chourrout, 1986). Alternatively, UV light is used to inactivate 
sperm and has been found to be more effective than other treatments. Chourrout and 
Itskovich (1983), M air et al. (1987) and Hussain et al. (1993) perform ed gynogcncsis 
with tilapia, (). niloticu.s by inactivating sperms using UV light and found no residual
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chrom osom al fragments in the resultant offspring. UV light is safer than o ther ionising 
rays due  to low penetration, but for effective treatm ent UV requires a thin and 
transparent sperm m edium  (Thorgaard, 1983). UV light is not effective on opaque and 
thick sperm  sam ples and is therefore not suitable for treatm ent o f  large volum es o f  milt. 
The advantages o f  using U V  treatm ent to inactivate sperm outw eigh the disadvantages 
in that it is very effective, readily  available, easy to transport, has low costs, and is ea.sy 
and safe to use (A llen, 1987; C hourrout, 1987).
According to Bohm (1891, cited by Ihssen et at., 1990), fish eggs com plete their 
first m eiotic division before fertilisation, so only the rem aining second m eiotic and first 
m itotic cell divisions can be m anipulated. Generally, two m ethods are used to make 
gynogenetic haploid eggs in to  diploids: m eiotic gynogenesis and mitotic gynogenesis. 
M eiotic gynogenesis can be carried out by applying early heat, cold or pressure shocks 
at the metapha.se o f  the .second m eiotic division before the loss o f  second polar body 
which induces retention o f the second polar body. The early shock treatm ents disrupt the 
m icrotubili that make up the spindle during m eiosis (Dustin, 1984) and inhibit cellular 
division (Reinschm idt et ciL, 1979; Streisinger et al., 1981; O nozato, 1984). Applying 
short heat shocks at a sublethal level (35-42 "C for 1 . 5 - 5  m ins) has been effective in 
preventing extrusion of the second polar body and inducing diploidization in a num ber 
ot w arm  water fish species, such as zebrafish, BrachyJanio rerio  (Streisinger et al., 
1981), com m on carp, Cyprinu.s carpió  (Hollebecq et al., 1986; Sum antadinata et. al., 
1990), grass carp, C tenopluirynf’oJon idella  (Cassani and C atón, 1985), Indian major 
carps, Catia catia, Laheo rohita , and Cirrhinu.s mrif>ala (John et al., 1984, 1988), red 
sea bream , Faf’ra.s m ajor (Sugam a et al., 1990), and tilapias (C hourrout and Itskovich, 
1983; Penman el al., 1987b; Don and Avtalion, 1988b; M air et al., 1987; Varadaraj, 
1990 and Hussain el al., 1993).
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M itotic gynogenesis can be carried out by inhibiting the first m ito tic  division 
applying late heat, cold or pressure shocks. Experimental induction o f  mitotic 
gynogenesis by interfering with the first cleavage has been conducted with amphibian 
species. R eindschm idt et al. (1979) first produced homozygous diploid X enopus laevis 
by suppression o f the first m itotic d iv ision  using pressure shock. Streisinger e t  al. (1981) 
claimed to be the first to produce 1 0 0 % viable mitotic gynogenetics from  zebrafish, 
where the eggs were fertilised with U V  irradiated sperms and treated with hea t shock at 
22.5-28 mins post fertilisation to inh ib it the finst mitotic division. Since this tim e many 
workers have attem pted to produce hom ozygous diploids in a number of fish  species 
using different shock treatm ents. Som e have successfully produced mitotic diploids in 
common carp, C. carpio  (Nagy, 1987; Komen et al., 1991), ayu, Plecoglossus altivelis 
(Taniguchi et al., 1988), m edaka, O ryzias latipes (Ijiri, 1987), Nile tilapia, O. niloticus 
(Mair et al., 1987; Hussain et a l., 1993; Myers et al., 1995), rainbow  trout, 
Onchorynchu.s mykis.s (Q uillet et al., 1991), channel catfish, Ictalunis pimctatu.s (Goudie 
et al., 1991) and Asian carp, L. rohita  (Hussain et al., 1994b).
G ynogenesis can be used in the production of inbred lines of fish. A s already 
indicated inbred lines can be useful in many areas of fish culture research, su ch  as gene 
mapping (A llendorf et al., 1986), sex determ ination (Komen and Richter, 1993), and 
immunological (Kaastrup et al., 1989) and endocrinological studies. G olovinskaya 
(1968) and Purdom  (1969) thought that meiotic gynogenetic diploids could b e  u.sed for 
the production o f hom ozygous inbred lines, but the retention o f the second polar body 
during meiotic gynogenesis made it uncertain. Because the suppression o f the  second 
polar body extrusion during m eiotic division results in heterozygosity at m any loci due 
to the occurrence o f recom bination betw een chrom atids at the first meiotic d iv ision and 
the retention o f  both non-sister chrom atids at the second mciotic division (Purdom,
It)
------------------------------------------------------------------------------------------------------------------------------------------- C hapter I
1969; N ace et al., 1970; H ussain et al., 1994a). M itotic gynogenesis can be used to 
produce com pletely hom ozygous inbred lines in the first generation and clones in the 
second. In this process, m itotic gynogenetics are produced by blocking the first m itotic 
cleavage o f eggs w hich dram atically  shortens the generation time to induce inbreeding 
and produce fully hom ozygous individuals. In contrast, com pletely hom ozygous inbred 
lines can  not be obtained even after repeated meiotic gynogenetic reproduction or 
conventional m ethods of sib m ating for 10-20 generations (Nagy and C sanyi, 1982; Han 
et al., 1991; Purdom  and L incoln, 1973). As the inbred lines are free from  the recessive 
lethal and  deleterious alleles, they can be used for selective breeding and im provem ent 
of fish stocks (Han et al., 1991).
G ynogenesis can also be used to determ ine sex m echanism  in fish. In ca.se of 
hom ogam etic fem ale like O. n ilo ticus  (XX), O. m ossam hicus (XX) and silver barb, 
Pantiu.s f’onionotu.s (XX), all-fem ale progeny can be produced by applying gynogenesis 
(Penman et al., 1987a; M air et al., 1991a; Pongthana et al., 1995). D uring production of 
mitotic gynogens in O. niloticu.s, som e mitotic males (XX) might be produced (Hussain 
et al., 1993; M air et al., 1991a). These males can be u.sed to produce all-fem ale 
population by crossing them with any ordinary females. Gynogenetic sex reversed m ales 
(XX) can  be produced by adm inistering m asculinised horm one treatm ent and these 
males can  be com m ercially used to produce all outbred mono.sex fem ale population by 
crossbreeding where the grow th rate o f  females are superior to males, particularly in 
salm onids and cyprinids. Sex reversed males can also be used to analy.se genetic traits 
such as identification o f sex determ ining m echanism  in a species.
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1.5 Androgenesis
Artificial androgenesis is a uniparental reproductive system w hich is the 
opposite o f gynogenesis and involves fertilisation o f genetically inert eggs w ith  normal 
sperms. As a result, the em bryonic developm ent proceeds with the incorporation of only 
paternal genetic m aterials. The inactivation  of the egg genome can be accom plished by 
gamma. X-rays or UV radiation. Due to  high penetration gam m a and X-rays are widely 
used for egg irradiation (Purdom , 1969; Parsons and Thorgaard, 1985). M yers et al. 
(1995) successfully produced haploid  androgens in Nile tilapia, O. nilo ticus  by 
irradiation o f eggs using UV light.
Since haploids are not viable they  need to be made diploid and androgenetic 
diploidization can be induced by suppression o f the first m itotic division o f  the egg. 
Gillespie and A rm strong (1980, 1981) first produced androgenetic d ip lo ids in the 
Mexican axolotl, Am hystom a niexiccmum  by inhibition of first mitotic div ision  using 
heat shock (36-37 "C for 10 mins) o r pressure shock (14, (X)0 p.s.i. for 8  m ins) shortly 
after fertilisation o f eggs. The induction  o f androgenetic diploids in salm onids were 
reported by Parsons and Thorgaard (1985); Scheerer et al. (1986) and May et a l. (1988). 
Grunina et al. (1991) successfully induced androgenetic diploids in common carp  using 
late heat shock (40-41 ”C) and also produced homozygous androgenetic clones by 
subsequent androgenesis utilising sperm  from  the androgenetic males.
Spontaneous androgenetic d ip lo ids among interspecific hybrids was reported by 
Stanley (1976, cited by Ihs.sen et al., 1990). In this study, androgenetic d ip lo id  grass 
carp, C. idella were obtained from crosses between common carp female and grass carp 
male and the diploids m ight be generated  from genetic incompatibility o f tw o genomes 
resulted in rem oval o f the fem ale’s pronucleus. Spontaneous androgenetic d ip lo ids were 
also observed in com m on carp, C. carpio  (Gom elsky and Recoubra.stsky, 1991).
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A lthough artificial androgenesis is successful under laboratory conditions, the 
poor survival of diploid androgens is still a big constraint. A ccording to Scheerer et al. 
(1986) there  are a num ber o f factors that might be involved in the poor survival of 
diploid androgens, such as the genotype o f the sperm , dam age o f the eggs during 
irradiation and shock treatm ent. However, androgenesis is a very powerful technique to 
produce hom ozygous inbred lines in the first generation and clones in the second. In the 
case of th e  Nile tilapia, O. niloticus, the genotype o f inbred m ale androgens is YY and 
they can be used to produce all male progeny in the subsequent crosses with any 
ordinary females. These fish can be used in subsequent experim ents to produce large 
numbers o f  YY m ales for com m ercial purposes.
B oth  artificial gynogenesis and androgenesis can be used to produce clonal lines. 
G ynogenetically, clones can be produced from m itotic fem ales by using meiotic 
gynogenesis. Clones can be produced from  androgenetic m ales by another round of 
androgenesis or gynogenesis if they are fem ales. As clones produced by both  ways are 
hom ozygous for every gene locus, each clonal line possesses a unique set o f  genes and 
results in individual line-specific characteristics. For this reason, clonal lines are 
considered as valuable research tools and can be used for different research purposes 
such as identification o f sex determ ination m echanism , standardisation o f bioassays of 
im m unological and endocrinological studies. It has been observed that clonal 
individuals are free from recessive deleterious and lethal alleles (Han et al., 1991). 
Clones produced in com m on carp, C. carpio  showed a reduced variation for a variety of 
m orphological trails and superior viability as a result o f  decreased lethal genes (Komen 
eta l., 1991).
C lonal lines can be used to produce monosex populations by crossbreeding. In 
(). niloticu.s, sex reversal o f gynogenetic clones with 17 u-m ethyltestosterone hormone
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treatment produces neom ales (XX) (genotypically female but phenotypically male) and 
these neom ales can be used to produce all-fem ale populations by crossing w ith  ordinary 
females. The neom ales can also be used to  produce outbred clonal lines that can  be used 
to analyse genetic traits such as identification of sex determ ining mechanism  and effects 
of heterosis. L ikew ise, androgenetic m ales (YY) or sex reversed androgenetic females, 
neofemales (YY) can be used to produce all-m ale fish in O. niloticus. In this study both 
gynogenesis and androgenesis were used to produce clonal lines. In im m unological 
studies, both inbred and outbred clonal lines are expected to show variable immune 
responses in both in vitro  and in vivo  analysis and thus disease resistant c lonal strains 
can be identified.
1.6 Major histocompatibility complex genes
1.6.1 The Major histocompatibility complex genes in mammals
T he major histocom patibility com plex  (M HC) contains a tightly linked cluster of 
genes w hose products are associated w ith intercellular recognition o f self o r  non-self 
proteins. The M HC com plex is a region o f  multiple loci that play a m ajor role in the 
initiation o f immune response against invading pathogens. It plays a central role in the 
development o f  both hum oral and cell-m ediated immune responses. The M H C  genes 
encode m em brane proteins which are essential to the function o f the im m une system of 
all vertebrates (K lein, 1986). The M H C  proteins are intimately involved in antigen 
presentation o f the im m une system. T lym phocytes can only recognise antigen when it is 
associated with a M H C m olecule. It is evident that M HC molecules both participate in 
and control physiological im m une responses, such as those involved in the recognition 
and elim ination o f virus infected cells.
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M H C  genes code three families o f glycoproteins are known as class I, c lass II 
and class III m olecules (Klein, 1986). The class I and class II m olecules are som etim es 
referred to as M HC antigens or alloantigens, because they can be recognised by the 
immune system. The class I and class II m olecules are m ainly expres.sed as m em brane 
glycoproteins, w hereas the products o f the class III genes are usually soluble proteins. 
Class III molecules are associated with the im m une process including soluble serum  
proteins, com ponents o f the com plem ent system, and tum or necrosis factors.
T he loci constituting the MHC are highly polym orphic. The M H C loci are also 
closely linked and there is little recom bination between these loci. For this reason, an 
individual inherits the M HC alleles as two sets, one from each parent and each set o f  the 
alleles is referred to as a haplotype. In an outbred population, the offspring are generally 
heterozygous for m any loci and inherit both m aternal and paternal M H C alleles. As a 
result, the  alleles are co-dom inantly expressed in each cell o f  the offspring. In the case 
of an inbred population how ever, each M HC locus is hom ozygous and all inbred 
offspring express identical haplotypes.
It has been known that there is a relationship betw een M HC haplotypes and 
susceptibility to infectious disease. Am ong the diseases associated with particular M HC 
alleles are a large num ber o f autoim m une diseases, certain viral disea.ses, disorders of 
com plem ent system, certain neurological disorders and some types of allergies. 
However, in most M H C-associated di.seases, a num ber o f  other genes and external 
environmental factors may also play a role, therefore, it is difficult to determ ine the 
actual relationship between specific diseases and M HC haplotypes.
A  number o f  hypotheses have been adopted to determ ine the role o f the M HC 
alleles in infectious diseases. Su.sceptibility o f an animal to a given pathogen may rellect 
the role o f particular M HC alleles in responsiveness or non-responsiveness to  the
\5
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pathogen. V ariations in antigen presentation  by different MHC alleles m ay determine 
the effectiveness of the im m une system  to a  given pathogen. If major ep itopes (binding 
site o f antigen) on a given pathogen are sim ilar to certain self-M HC m olecules, an 
animal may lack functional T cells specific for those epitopes. Various M HC alleles may 
also code for binding sites for specific v iruses, bacteria, or other products.
Some evidence suggest that a reduction o f M HC polymorphism w ith in  a species 
may increase the  possibility o f its susceptibility  to disease. The increased susceptibility 
to various d iseases o f a species may result from a reduction in the number o f  different 
MHC m olecules available to the species and a corresponding limitation on th e  range of 
processed antigens with which these M H C  molecules can interact. T herefore, the high 
level o f M H C polym orphism  that has been found in various species may be 
advantageous by  providing a broad range o f  antigen-presenting MHC m olecules. MHC 
polymorphism ensures that at least som e m em bers o f a species will be able to  respond to 
any of a very large num ber o f potential pathogens. Thus M HC diversity appears to 
protect a species from a wide range o f  infectious disea.ses (Kuby, 1997).
1.6.2 The major histocompatibility complex in fish
The m ajor histocom patibility com plex encodes cell membrane glycoproteins 
which appear to  be intim ately involved in a variety of imm unological processes 
including the restriction o f antigen recognition by lymphocytes, the acquisition of the T 
cell repertoire, and the co-operative interaction among subsets o f m ononuclear 
leucocytes. T he presence o f MHC genes w as first discovered hy graft rejection where 
recipients show ed their ability to identify non-self grafts. It has been established that all 
vertebrates including fish show graft rejection and m ixed lymphocyte reactions (MLR) 
(Hildemann, 1970; Kallman, 1970; N akanishi, 1987a and Nakanishi, 1987b).
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The identification o f  M HC genes in fish has involved a num ber o f conventional 
approaches including the cross-hybridisation o f fish DNA or RNA w ith probes o f higher 
vertebrates, and the cross reaction o f  fish cell surface m olecules w ith antibodies against 
m am m alian and avian M H C m olecules (reviewed by K aufm an et al., 1990; Stet and 
Egberts, 1991), but none o f  them  have succeeded. H ashim oto et al. (1990) developed 
generic prim ers which could be used in PCR for the identification o f M HC genes and 
successfully dem onstrated for the first time the presence o f  both M H C  class I and class 
11 genes in carp, C. carpio. A fter this success, M HC genes in a num ber o f fish have been 
isolated and sequenced. To date, class 1 A, P^m, class II A and class II B M HC genes 
have been isolated from both teleosts and elasm obranches (.see Table 1.1).
The analysis o f sequences o f all M HC genes stud ied  in fish shows that most of 
the introns are less than 1 kb long. Therefore, short in trons seem to be characteristic of 
fish M H C genes (O no et al., 1992, 1993c; Klein et al., 1993; SUltmann et al., 1993). 
fhe sequences o f the class 1 0 3  dom ain are com paratively well conserved, whereas the 
sequences o f  the class 1 a i and class 1 dom ains have diverged from one another in 
cyprinid fishes (Okam ura ci «/., 1993). Grim holt et al. (1993) and O kam ura et al. (1993) 
reported that several am ino acids in the peptide binding regions (PBR) are highly 
conserved. There are also reports that several am ino acids which are important for the 
association with CD 4 are conserved within the class 11 P2 in carp (H ashim oto et al., 
1990). and those for CDS are conserved within the class I in banded dogfish, Triakis 
seyllia (H ashim oto et al., 1992). Thus, it is possible that w ell-conserved am ino acids are 
those im portant either for peptide binding or in association with CD 4 and CD« 
molecules. These findings along with the data on the polym orphism  at the putative PBR, 
suggest that fish M HC m olecules function in a sim ilar to those in m am m als.
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Table 1.1
1996)
Current status o f  the isolation o f M H C genes in fishes (cited from Manning and Nakanishi,
Species G enes“ Clones Sequence types Reference*’
Teleosts
Carp
Ginbuna
Zebrafish
Tilapia
Cichlid
Class lA
Class Ilfi
B 2 m  
Class L4 
Class L4 
Class IL4 
Class 11«
H 2m
B2m
Class II«
C y c a -Z A
C y c a -Z A ,  ZB, Z C  
Cyca-UA, -TC 
C y c a -Z
C yca-TLA II(Y B ) 
Cyca-DAB 
Cyca-YB 
Cyca-B2m 
C a a u - Z A ,  -ZD 
B r r e - V A  (~C)A  
B r r e - D X A  
B r r e - D A B \  ~ 4  
B r r e -D A (~ F )B  
B r r e -B 2 M ,  -B 2m -G  
Or;ii-B2m  
A iih a -M , C y fr - T  
N e c y -T , N i l i - M ,
N iv e -M , P e p u - N ,  
P s lo -M , P s z e ,  
T h s p - \
genomic
cDNA
cDNA
genomic
genomic
cDNA, genomic
genomic
cDNA
cDNA, genomic 
cDNA, genomic 
genomic 
cDNA 
genomic 
cDNA, genomic 
genomic 
cDNA, genomic 
genomic
M e a n -, A/ec/i-M genomic 14
Atlantic salmon Class lA Sa.v«-p23, -p3() cDNA 15
S a s a - A  1 -4, -B 1 genomic 16
Class 11« Sfl.vrt-DC, -DB cDNA 17
Sit.v«-DB genomic 16
Rainbow trout Class 11« O n n iy -5 5 cDNA 18
B 2 m O n m y 19
Striped bass Class IIA M o s a -A cDNA 20
Class 11« M o s a -C . -R,-S cDNA 21
Perch-like fish Class 11« P e j l  G y c e genomic 22
Crossopterygian
Coelacanth C la s s lA L a c h - V A .  UB, U C , UD cDNA, genomic 23
Elasmobranchs
Bended dogfish Class lA Tr.ic-DS genomic 24
Nurse shark Class IIA G i a - D A A ,  -D B A genomic 25
Class 11« G/i i-8, -1 1 cDNA 27
■Atlantic cod Class I a G a m e-  UAA cDNA 28
B 2 m G a m e- B 2 m cDNA, genomic 28
■'■fhe gene designation was shown according to  the proposal by Klein e t  a l. (1990).
*’1. Hashimoto e t a l . (1990). 2. Okam ura e t  a l .  (1993). 3. Van Hrp e t  a l. (1994). 4. Stet e t a l. 
(1993). 5. Ono e t  a l. (1993a). 6. Dixon e t a l. (1993). 7. Takeuchi e t a l . (1995). 8. Sultmann e t  a l .  (1993). 
9. Ono ef i//. (1992). 10. Sultm ann ef « / . ( 1994). I I . O n o  ef «/. ( 1993b). 12. O no <7 « / . ( 199.3c). 13. Klein 
i7<i/. (1993). 14. O no e /ii/. (1993d). 15. Grim holt er «1. (1993). 16. Grimholt <7 <;/. (1994). 17. Hordvik <7 
«1. (1993). 18. Juul-M adsen e t  a l. (1992). 19. Shum  e t  a l. (1994). 20. Hardee e t a l. (1995). 21. W alker 
and McConnell (1994). 22. F-igueroa e t al. (1995). 23. B et/ e t a l. (1994). 24. Hashimoto e t a l. (1992). 25. 
Kasahara e t a l. (1992). 26. Kasahara e t a l. (1993). 27. BartI and W eissman (1994). 28. I’ersson e t al. 
(1998).
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The M H C  m olecules are reported to be polymorphic in nature. The M HC alleles 
differ in their DNA sequences from  one individual to another, and consequently have 
unique structural differences. Polym orphism  o f MHC genes has been detected in 
zebrafish, B. rerio  (Ono et al., 1992), cichlid fishes (Klein et al., 1993; Ono et al., 
1993d), A tlantic salm on (H ordvik et al., 1993) and striped bass, M oräne .saxatilis 
(Walker and M cC onnell, 1994) at variable regions o f  the ßi dom ain o f class II B genes 
and the ai dom ain o f zebrafish class II A  genes (Siiltmann et a l., 1993) which are 
associated w ith  residues o f the putative PBR. At least five or six alleles w ith num erous 
amino acid substitutions at the PBR o f class II A  genes (K asahara e t al., 1993) and two 
alleles at class II B  genes (Bartl and W eissm an, 1994) have been reported from the nurse 
shark. These M H C  class II alleles function as the mam m alian functional class II M HC 
genes and thus suggest that shark’s M HC genes have a functional hom ology to that o f 
the mammals.
The polym orphic characteristics o f  M HC genes can be u.sed in population 
studies. M igration o f populations can be determ ined by using allele frequencies (Klein. 
1986). Bugaw an et al. (1988) reported that the polym orphism  o f  M HC genes can be 
used to generate DNA fingerprints for individual organism s. Because the pattern o f 
restriction fragm ents determ ined on a southern blot using one o f the.se genes as a probe 
will be v irtually  unique. DNA fingerprints have already been generated using M HC 
genes in hum ans (M artell et al., 1988) and mice (M cConnell et al., 1988). 
Polymorphism o f  M HC can also be u.sed to improve fish stocks. Klein (1986) reported 
that MHC haplotypes have a close link to disease resistance. T he M HC and disease 
association in farm anim als has also reported by Van der Zijpp and Egbert (1989). M HC 
haplotypes in hum an have links to specific autoim m une disea.ses (Todd, 1990).
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1.7 Multilocus DNA fingerprinting
The term DNA fingerprinting was first introduced by Jeffreys et al. (1985) to 
describe a m ethod for the sim ultaneous detection o f many highly variable DNA loci by 
hybridisation o f specific m ultilocus “probes” to  electrophoretically separated restriction 
fragments. The product o f hybridisation o f  the m ultilocus probes to the restriction 
fragments results in a pattern o f  bands, resem bling a bar-code, on an autoradiogram . 
This pattern is often specific to the individual except in extrem e cases o f inbreeding or 
clonal individuals. The bands com prising the fingerprint pattern are inherited in a 
Mendelian m anner (on average half o f the bands are derived from each parent), and 
usually show high som atic and germ  line stability.
M ultilocus DNA fingerprinting can be produced by two ways: classical 
hybridisation-based fingerprinting and PC R -based fingerprinting. The hybridisation- 
based fingerprinting is derived from the exploitation o f restriction fragment length 
polymorphism (RFLP). To produce a DNA fingerprint, com plem entary probes are used 
to create com plex banding patterns by recognising m ultiple DNA loci sim ultaneously. 
Each of these identified loci is characterised by more or less regular arrays of tandem ly 
repeated DNA motifs that occur in different num bers at different loci. The PCR-ba.sed 
fingerprinting, on the other hand, is produced by in vitro am plification o f particular 
DNA sequences with specifically or arbitrarily chosen oligonucleotides ("prim ers") and 
a thermostable DNA polym erase. The am plified DNA sequences are separated by 
electrophoresis and the polym orphic banding patterns are detected by staining.
M ultilocus DNA fingerprinting is a very useful technique for genetic studies. It 
can be used in intrapopulation studies, such as to identify clonal individuals or closely  
related individuals, and to determ ine m aternal or paternal relationship with their 
otispring, specially for gynogenetic and androgenetic progenies. DNA fingerprinting can
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also be used to estim ate inbreeding rates in com m ercial brood stocks where record 
keeping is p o o r or non-existent (Doyle and Talbot, 1986, Eknath and Doyle, 1990).
1.8 Polymerase chain reaction and its application
The polym erase chain reaction (PCR) is a versatile technique which was 
invented in th e  mid 1980s (Saiki et al., 1985). A fter the introduction o f  therm ostable 
DNA polym erase in 1988 (Saiki et al., 1988), the use o f PCR in research has increased 
tremendously. It is an in vitro  selective am plification m ethod for specific target DNA 
sequences from  large, heterogeneous genom ic DNA. Using a very low am ount o f DNA 
(usually a few  nanogram s), m illions o f copies o f one or more particular target DNA 
fragments are  produced which can be characterised after being electrophoresed and 
visualised by staining or autoradiography.
At the  start o f the PCR process, all reaction partners m ust be single stranded 
which can be achieved by heat-denaturation. The PCR reaction m ixture contains buffer, 
free nucleotides (dN T P’s), and short oligonucleotides as prim ers, which are usually 15- 
35 bp long an d  hom ologous to the flanking regions o f the sequence to be am plified. The 
reaction m ixture afso contains DNA polym erase w hich synthesi.ses a com plem entary 
strand by connecting  the free nucleotides on the basis o f  .sequence inform ation given by 
the template strand. Subsequently, the new ly formed double-stranded D N A  m olecules 
are denatured again and .serve as new tem plates for the next round o f DNA synthesis. To 
complete each PCR cycle needs only a few (norm ally 2-5) minutes. A fter approxim ately 
30-40 cycles, the target D NA sequence is theoretically am plified a billion tim es.
PCR is com paratively easy to use for synthesising DNA m olecules m easuring up 
to a few hundred base pairs, the m axim um  is approxim ately 10 kb. It is not suitable for 
amplifying larger DNA m olecules. In fish genetic studies, PCR can be used to am plify
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specific DNA sequences such as M HC loci, m itochondrial DNA and introduced foreign 
genes. It can also be u.sed to identify the allelic distribution of a particular gene. The 
most im portant advantage o f  the PCR process is that it needs only a very small am oun t 
of DNA and may work even if the DNA is badly degraded. It also works with D NA 
extracted from dried, buried or m um m ified sam ples, and samples em bedded or s to red  in 
paraffin blocks. Since PCR is a quick m ethod to am plify specific DNA sequences, it 
was used in this study to am plify M HC class II B genes using two generic prim ers.
1.9 Graft rejection
The presence of the M HC in m am m als was initially identified by graft rejection  
experiments. Generally graft rejection takes place between tw o animals th a t are 
genetically different and their tissues display significant antigenic differences in M H C  
loci. M HC loci in mouse H-2, rat H-1 and hum an HL-A control the production o f strong 
transplant antigens that elicit intense allograft reactions (Amos et al., 1963; E lk ins and 
Palm, 1966). In addition to M HC loci, there are also some other m inor 
histocompatibility loci located on other chrom osom es which produce weak 
transplantation antigens that elicit a relatively mild im m une response during allograft 
rejection (Graff and Bailey, 1973; H ildcm ann, 1971).
The action o f  graft rejection is generated  principally by a cell-m ediated im m une 
response to alloantigens expressed on cells o f  the graft. It occurs in two phases :
i) a sensitisation phase in which antigen-reactive lymphocytes of the recipient proliferate 
in response to alloantigens on the graft.
ii) an elfccti)!- phase in which immune de.struction o f the graft occurs.
In the sensitisation phase, CD4^ and C D 8 *T  cells recognise alloanligens o n  the 
lorcign graft tind proliferate in number. T hey  can recognise both major and m inor
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histocom patibility antigens and respond to both antigens, but their response to the latter 
is com paratively weak. The response o f T cells to m ajor histocom patibility antigens 
induces recognition  o f both the M H C m olecules and an associated peptide ligand in the 
cleft of the M H C  m olecules. To activate the host T h cells, they require an interaction 
with an antigen-presenting  cell (A PC ), expressing an appropriate antigenic ligand-M H C 
molecule com plex . There are num ber o f cells which can function as APCs. U sually 
dendritic ce lls  are found in most tissues, and they serve as the major APC in grafts. 
APCs of the host can also migrate into a graft and endocytose the foreign alloantigens 
and present th em  as processed peptides together w ith self-M H C molecules.
In the effector stage, a variety o f reactions participate in allograft rejection and 
among them  cell-m ediated reactions involving delayed-typed hypersensetivity (D TH ) 
and cytotoxic lym phocyte (CTL)-m ediated cytotoxicity are the more important. During 
graft rejection the host’s T cells and m acrophages influx into the graft in large num bers. 
Their infiltration  is al.so increa.sed by the influence o f cytokines produced by T dth cells. 
The recognition of foreign M HC class I alloantigens by host CDS"*^  cells can lead to 
CTL-m ediated killing. In some cases CD4"’^ T  cells recognise class II alloantigens on the 
graft and m ediate  its rejection.
In allografting , the cells present in the grafts som etim es show adverse effect to 
the recipient which is known as graft-versu.s-ho.st reaction. This graft-versus-host 
reaction has been  seen in m am m als and birds (Clark, 1991) and in am phibians (C lark 
and Newth, 1972). Nakanishi (1994) recently reported this graft-versus-host reaction in 
tish. The graft-versus-host reaction may happen when the grafted donor tissue contains 
im m unologically com petent cells that the recipient fails to recognise and de.stroy. The 
host’s inability to recognise the transplanted cells might be due to its im m aturity or 
im m unosuppresion, or its genetic constitution. As a result, the grafted cells react against
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the host and may lead to excessive dam age o f  other organs and even death. In the case o f 
mammals, donor T cells have an im portan t role in graft-versus-host reactions through 
the secretion o f cytokines by CD4"’''® T ce lls . CDS*''*' donor T cells, on the o ther hand, 
have a cytotoxic effect on the hosts cells.
Scale grafting in fish is relatively an  easy way to test specific im m une response. 
It can be used to determ ine tbe expression o f different M HC haplotypes. In this study 
scale grafting has been used to determ ine the  differences o f M HC class II B haplotypes 
between clonal lines and their respon.se to  foreign grafts.
1.10 Non-specific and specific immune response in fish
Like m am m als, the im m une system  of fish is divided into the non-specific and 
the specific im m une systems. The non-specific im m une system refers to  a basic 
resistance to  di.sease, which the animal is born with i.e. innate immunity. It acts as the 
first line o f  defence against infectious agen ts and is often able to prevent infection by 
potential pathogens. This type o f im m unity  does not improve with repeated infection. 
On the other hand, the specific immune response requires the activity o f a fundam ental 
immune system , involving cells called lym phocytes and their products. It is  ba.sed on 
specific defence m echanism s which im prove the host’s immunity to a pathogen with 
repeated exposure, resulting in a .specific im m unological memory. In general, during 
infection m ost o f the invading m icroorganism s arc first encountered by a healthy 
individual’s non-specific defence m echanism s without activating the specific respon.se. 
But when the m icroorganism s escape from  the non-specific host defence, th e  specific 
immune response is then activated. Specific immunity does not operate independently o f 
non-specific im m unity, rather both defence m echanism s work synchronously, providing 
a more effective total response.
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The non-specific im m une system  is com posed o f hum oral and cellular defences. 
The soluble hum oral defence factors, such as lysozym es, com plem ent, interferon, 
cytokines, C -reactive protein, transferrin and lectin, com bine with cellular defences such 
as m acrophages, granulocytes, neutrophils, and natural killer cells to provide the anim als 
with innate protection. Lysozym e is widely distributed in vertebrates (Osserm an e t al., 
1974). Many studies have been conducted to determ ine the role o f lysozyme in fish and 
it has been found to play an im portant role in the host defence m echanism s against 
infectious diseases such as H itra-disease or cold w ater vibriosis in salmon (M urray and 
Fletcher, 1976; Lundblad et al., 1979; Lindsay, 1986 and Lie et al., 1989a). It is a 
hydrolytic enzym e which is able to cleave the peptidoglycan layer o f bacterial cell w alls 
and thu s destroy the bacteria. Interferon consists o f  a group o f proteins produced by 
virus-infected cells. It has an ability to bind to nearby cells and induces a generalised 
antiviral action. A nother im portant com ponent o f the humoral defence is com plem ent 
which com prises o f  a group o f serum  proteins that circulate in an inactivated proenzym e 
state. These proteins can be activated by a variety o f specific and non-specific 
im m unologic m echanism s that convert the inactive proenzym es into active enzym es. 
Once activated, the com plem ent com ponents participate in a controlled enzym atic 
cascade that results in either de.stroying the pathogens or facilitating their elim ination. 
Fish com plem ent displays bactericidal activity against non-virulent strains o f G ram - 
negative bacteria, but not against G ram -positive bacteria or virulent strains o f G ram ­
negative bacteria (Ourth and W ilson, 1982; lida and W akabayashi, 1983, 1993).
M acrophages of fish are derived from m onocytes and are found mainly in tissues 
and rarely  in the blood. They m igrate toward the sites o f chronic and acute infection 
where they act as phagocytic cells (Row ley et al., 1988). Non-specific phagocytosis by 
macrophages has been reported both in vivo  (Ellis, 1976; Hunt and Rowley, 1986) and
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in vitro (Braun-N esje et al., 1981; Secom bes, 1986). Sakai (1984) and  Johnson and 
Smith (1984) determ ined that opsonization  o f particles by antibodies and  com plem ent 
fragments facilitated their recognition and engulfm ent by macrophages.
It is thought that m acrophages in the lymphoid tissues function to  trap, process 
and present antigens to lym phocytes. Sm all metabolically active lym phocytes are 
associated w ith the ellip.soid and m elano-m acrophage (pigmented m acrophage) centres 
of the spleen, and m elano-m acrophage cen tres o f the kidney (Ellis, 1980).
G ranulocytes o f fish are another important type o f phagocytic cells and are 
composed o f subpopulations o f neutrophils, eosinophils, ba.sophils and m ast cells. They 
are generally responsible for the inflam m atory response in which they m igrate to sites o f 
infection and non-specifically destroy invading m icroorganism s by phagocytosis or 
cytotoxic k illing (Finn and Niel.son, 1971; M acArthur et al., 1984). Soluble proteins 
such as leukotrienes and com plem ent fragm ents act as chem oattractants, inducing the 
granulocytes to the sites o f inflam m ation (Row ley et al., 1988). N orm ally the num ber o f 
neutrophils in fish is less than in m am m als, but their number increases during stress 
conditions (D unn et al., 1989).
The specific immune system o f  fish com prises cell-m ediated and hum oral 
(antibody production) im m une responses. In the early 1950s, it was show n that the cells 
responsible for specific cell-m ediated im m unity are lymphocytes (M itchinson, 1953). 
Initially most o f the cell-m ediated im m unity in mammals was determ ined by 
transplantation experim ents, particularly the  rejection o f  allogenic grafts. A llogenic graft 
rejection reveals antigen specificity and im m unological memory. T hese features have 
provided im m unologists with a basic know ledge o f  the vertebrate specific  im m une 
system.
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The cell-m ediated im m une response involves tw o m ajor groups o f cells : 
lymphocytes and antigen presenting cells. Com m ent on the fact that macrophages are 
APC, have non-specific activity but play an im portant role in the specific response. 
Interleukin-1 (IL-1) is secreted by activated fish m acrophages (Ellsaesser, 1989) which 
in turn may stim ulate T  lym phocytes to secrete interleukin-2 (IL-2). Like m am m alian 
lL-2, it is thought that fish IL-2 can prom ote the clonal expansion o f T cells which is 
partly responsible for T  and B cells co-operation. The lym phocytes are produced in the 
bone marrow o f m am m als and then distributed to different parts o f the body through the 
blood and lymph system s. N orm ally they are found in different lym phoid organs. 
Functionally lym phocytes are div ided into two m ajor classes- T  lymphocytes (T cells) 
and B lymphocytes (B cells). In h igher vertebrates, T and B lym phocytes not only show 
functional differences, but they also  show distinct developm ental differences, with T  
cells maturing in the thym us, w hilst B cells remain in the bone m arrow until after 
maturation. It has been established that teleost fish lymphocyte populations are 
analogous in many respects to the T  cells and B cells o f  m am m als (Clem  et al., 1991). 
M ammalian B cells express im m unoglobins (Ig) on their surface and these act as 
receptors for antigens, whereas T cells are characterised by the pre.sence o f a different 
type of antigen-specific receptor, the T  cell receptor (TCR). A lthough surface 
im m unoglobulin (sig) is found on all fish lym phocytes, a portion o f cells having only 
the heavy chain regions o f Ig m olecules on their surfaces have been extracted from 
thymocyte m em branes o f  carp, C. carpio  (Secom bes et a l., 1983).
It was m entioned above that MHC genes are associated with specific im m une 
system of animal and are involved in presenting antigens to T lymphocytes. 
Fundamentally, the M H C  is involved with the recognition o f self and non-self antigen.
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1.11 Objectives o f this study
The genetic variation o f specific and non-specific im m une responses in different 
clonal groups o f tilapia, O. niloticus will be exam ined. Since M HC and some other 
genes seem  to control the im m une response o f fish, m ost o f the approaches to be used in 
this study will be based  on an exam ination of these genes. The M HC genes are inherited 
in the offspring as a haplotype. H om ozygous individuals for M H C loci can therefore be 
produced by chrom osom e m anipulation techniques. The resulting hom ozygous 
individuals will be ideal candidates for analysing the genetic variation o f the im m une 
responses between groups o f fish, in vitro and in vivo. Therefore, the following 
objectives were identified for this study :
1. To produce com pletely hom ozygous inbred lines and their clones in tilapia, O. 
nHoticit.s by artificial gynogenesis and androgenesis.
2. To verify the hom ozygous nature o f  different lines o f  tilapia, O. niioticu.s by using 
multilocus DNA fingerprinting and the i.sozyme locus ADA*.
3. To determ ine the occurrence o f m ajor histocom patibility com plex in tilapia. O. 
niloticii.s by PCR and scale grafting.
4. To exam ine the variation in the non-specific im m une responses o f clonal groups o f  
tilapia, C). nioticu.s.
5. To establish the susceptibility o f  clonal lines o f tilapia, O. niioticns  to an infectious 
pathogen, Aeromona.s hydrophiUi and link this to possible genetic differences for non­
specific genes.

Chapter II
2. Production o f inbred fish and clones in Oreochromis niloticus by gynogenesis 
and androgenesis
2.1 Introduction
2.1.1 Gy nogenesis
Induced gynogenesis is a process o f  reproduction in which eggs are fertilised 
with genetically inert sperm s and there is no contribution from  the male genome to the 
development o f  eggs o ther than stim ulation o f developm ent. As a result, the em bryonic 
development takes p lace with the inheritance o f only m aternal chrom osom e set (s). 
Although the sperm D N A  is destroyed by  UV irradiation they are still m otile and 
initiate em bryonic developm ent o f eggs (Stanley and Sneed, 1974; Ijiri and Egami, 
1980; Allen, 1987). The haploid em bryos possess a single set o f m aternal chrom osom es, 
show “haploid syndrom e” and rarely survive more than 48 hrs post hatching in all 
species. There is no strong evidence for frequent spontaneous diploidization o f eggs 
fertilised w ith U V -irradiated sperm  although it has been exceptionally observed in 
plaice, Pleuronectes plcitessa (Thom pson e t a!., 1981) and carp, C. carpio  (Cherfas et 
a i. 1991).
The haploid chrom osom e set can be diploidised by applying physical shocks 
(heat, cold, and pressure) at different developm ental stages o f the eggs. Early shocks 
prior to loss o f second polar body can cause retention o f  the second polar body and 
produce m eiotic gynogenetics, while late shocks prevent the first cleavage and produce 
mitotic gynogenetics (see reviews by Purdom , 1983 and C hourrout, 1987). Since 1960 
meiotic gynogenesis has been successfully induced in m any tish species such as 
eyprinid loach (Suzuki et al., 1985); com m on carp, C. carpio  (G olovinskaya. 1968; 
Nagy et a!., 1978; N agy and Csanyi, 1982; Hollebecq et al., 1986; Linhart et al., 1986; 
Taniguchi et al., 1986; Komen et al., 1988; Sum m antadinata et al., 1990); grass carp. C. 
idella (Stanley and Sneed, 1974; Stanley, 1976); plaice, P. plate.s.sa, and nounder, 
Platichthy.s flesii.\ (Purdom , 1969; Purdom  et a!., 1976; Thom pson! et al., 1981); 
rainbow trout. (). myki.s.s (Chourrout and Quillet, 1982; Thorgaard et al., 1983;
.M)
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Chourrout, 1984; L ou and Purdom, 1984a; Thom pson and  Scott, 1984; K aastrup and 
Horlyck, 1987); zebrafish , B. rerio  (Streisinger et al., 1981); Indian major carp , Catla 
catla, L. rohita (John et al., 1984); tilapia, O reochrom is spp (C hourrout and Itskovich, 
1983; Penman et al., 1987b; Don and Avtalion, 1988b; Hussain et al., 1993); silver 
barb, P. ^onionotu.s (Pongthana et al., 1995). M eiotic gynogenetic anim als are partially 
heterozygous because o f  recombination between non-sister chrom atids during the first 
meiotic division o f  eg g s (Purdom, 1969; Nace et al., 1970; H ussain et. al., 1994a). 
Initially it was though t that meiotic gynogenesis m ight b e  an effective way to produce 
homozygous inbred lines (Golovinskaya, 1968 and Purdom , 1969). It was expected  that 
during meiosis the ra te  o f gene-centrom ere crossing over would be very low and  a very 
high degree o f  hom ozygosity  would be observed in th e  first generation o f  meiotic 
gynogenetics (N agy, 1987). However, several studies revealed that this m ethod o f 
inducing inbreeding is not as effective as once thought (T hom pson, 1983; A llendorf and 
Leary, 1984; N agy and Csanyi, 1984). It has been found that the high rate o f 
recombination for loc i distal to the centrom ere could result in som e progeny having 
1 0 0 % heterozygosity at such loci.
However, desp ite  the aforem entioned draw backs o f  meiotic gynogenesis, it is a 
very useful tool for estim ating gene-centrom ere recom bination rates, rate of inbreeding, 
the identification o f  sex  determ ining mechanism s, gene m apping (Thorgaard and  Allen, 
1987) as well as the production o f single sex populations in hom ogam etic fish species. 
Meiotic gynogenesis can  also be used to produce clonal lines from hom ozygous female 
individuals. Isogenic lines (by crossing inbred lines) in w hich every  individual has the 
same genotype but is not necessarily homozygous at ev ery  locus, can be produced from 
meiotic gynogenetics. These lines can be used as internal controls in e.g. g row th  trials 
(Mair, 1993).
Due to the persistent heterozygosity in the m eiotic gynogenetics it is not possible 
to produce com pletely  homozygous individuals unless .some form o f  sib m ating is u.sed 
in conjunction w ith th is. Thus researchers wanting to produce hom ozygous lines have 
focused their a tten tion  on mitotic gynogencsis. In m itotic gynogenesis com pletely
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homozygous individuals can be produced by suppression o f the first m itotic division 
followed by replication o f a haploid set o f chrom osom es. U sing this technique it is 
possible to produce com pletely hom ozygous individuals in the first generation and 
clonal lines in the second generation.
The earliest attempt to induce m itotic diploidization by  interfering with first 
cleavage o f eggs in plaice, P. platessa  was not successful (Purdom , 1969). The first 
successful m itotic diploidization was reported in zebrafish, B. rerio  by Streisinger et al. 
(1981). A fterw ards this technique became m ore fam iliar to o thers who attempted to 
produce m itotic gynogenetics using different shock treatm ents, such as heat shocks 
(Purdom et al., 1985); late cold shocks (K rasznai and M arian, 1987) and pressure 
shocks (Chourrout, 1984; O nozato, 1984; Naruse et al., 1985). Successful mitotic 
gynogenesis has also been reported in a num ber o f fish like com m on carp, C. carpio  
(Nagy, 1987; Komen et al., 1991); m edaka, O. latipes (Ijiri, 1987); ayu, P. altivelis 
(Taniguchi et al., 1988); Nile tilapia, O. niloticus  (M air et al., 1987; Hussain et al., 
1993; M yers et ti/., 1995) and A sian carp, L. roliita (Hussain et al., 1994b).
M itotic gynogenetics are seen to be a very prom ising product for aquaculture 
research and can be used to produce clonal lines. As the suppression o f first cleavage of 
eggs during m itotic gynogenesis facilitated elim ination o f deleterious alleles from the 
inbred lines, the successful inbred lines could be crossed to obtain a degree o f heterosis 
for com m ercially important traits. By this way, a higher yielding and more 
hom ogeneous strain could be developed for aquaculture. Taniguchi et al. (1988) 
mentioned that mitotic gynogenesis could be considered m ore useful than meiotic 
gynogenesis for fixation and e.stablishment o f a new race o f  fish in aquaculture 
However, both m eiotic and mitotic gynogenetic techniques separately and in 
combination can result in the production o f  im portant inform ation on the genetic 
analysis o f traits and in the production o f unique genotypes that could have important 
research as well as production possibilities.
The induction o f gynogenesis has show n the possibility o f  producing monosex 
population in fish in which the female parent was hom ogam etic (Golovinskaya, 1969,
.^ 2
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Nagy et al., 1978, R efstie  et al., 1982). In O. niloticus  and O. m ossamhicus, gynogens 
are almost all fem ale w hich represents normal hom ogam etic XX genotypes o f female 
parent (Penman et al., 1987a; M air et al., 1991a). In silver barb (P. gonionotu.s 
Sleeker), the all fem ale progeny in the meiotic gynogenetics suggested their fem ale’s 
homogamety (XX) ( Pongthana et al., 1995). H orm onal sex reversal o f  gynogenetic 
females to males and use o f these males can ensure the production o f all female 
population. W hen the sex-reversed females (XY) are used for gynogenesis, male 
progenies o f m itogynes will be YY which could be used for the production o f all-m ale 
progeny for culture (V aradaraj and Pandian, 1989; M air e t al., 1991a). In contrast 
meiogynes can not effectively  be used for sex control experim ents as recom bination 
takes place in the sex determ ining locus in O. aureu.s and O. niloticu.s (A vtalion and 
Don, 1990; M air er i//., 1991a,b).
2.1.2 Androgenesis
Induced androgenesis is a special kind o f reproduction process in which 
genetically inactivated eggs are fertilised with normal sperm s so that no chrom osom al 
contribution from the m aternal side is incorporated into the em bryo and the resultant 
embryo develops w ith entirely paternal chrom osom e inheritance. Therefore, for diploid 
androgens the m aternal chrom osom e set needs to be inactivated and the em bryo 
develops with only the paternal chrom osom e set. The inactivation of the nuclear DNA 
of the egg can be done by using some form o f ionising radiation. Gam m a [^”Co] and X- 
ray radiation are m ost com m only used. Because o f the ir high penetration, large num ber 
of eggs can be treated at once (Purdom , 1969; Arai et al., 1979; Parsons and Thorgaard, 
1985; Grunina and N ejfakh, 1991; May et al., 1988). On the other hand, ultra-violet 
light (UV) has been successfully  used for irradiation o f  am phibian eggs (G urdon, I960; 
Gillespie and A rm strong, 1980) and also for fish eggs (K ow tal, 1987; Bongers er u/., 
1994; Myers et al., 1995).
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It has been reported that the induction o f  androgenetic haploids using gamma 
radiation has been successful in loach, M. fo ss ilis  (Rom ashov and Belyaeva, 1964); 
flounder, P. fle su s  (Purdom , 1969); amago salm on, Onchorynchus mcisou (Aral et al., 
1979); rainbow trout, O. niykiss (Parsons and Thorgaard, 1985); and brook trout, 
Siilvelinus fcmtimilis (M ay et al., 1988). Haploid androgens have also been produced by 
using UV radiation in Nile tilapia, O. niloticus (M yers, et al., 1993) and in com m on 
carp, C  carpio  (Bongers et al., 1993).
Yamazaki (1983) observed the spontaneous occurrence o f androgenetic 
individuals where the oocyte was overripe or in som e interspecific or intergeneric 
crosses in which the pronuclei did not fuse.
The first successful production o f androgenetic diploids was reported by 
Gillespie and A rm strong (1980, 1981) in the M exican axolotl using heat shock (36-37 
"C for 10 mins) or hydrostatic pressure (14,000 p.s.i. for 8  m ins) at 5.5 hrs po.st 
fertilisation. A ndrogenetic diploids were first produced in salm onids by suppression o f 
first m itotic division using pressure shock (8,500 - 9,000 p.s.i. for 3 m ins) (Parsons and 
Thorgaard, 1985; Scheerer et al., 1986; M ay et al., 1988; Nagoya et al., 1996) and later 
by heat shock at 29 ”C for 10 m ins (Thorgaard et al., 1990). Recently, androgenetic 
diploidization was induced in Nile tilapia {(). niloticu.s) using UV (150 pW  cm '  for 2 to 
10 mins) inactivation o f  the eggs’ nucleus and late heat shock at 41-42 "C for 3 to 6  
mins at 22.5-37.5 mins post fertilisation (M yers et al., 1995).
A ndrogcncsis is a very useful technique for the production o f hom ozygous 
inbred lines. Its m ost im portant potential application is to recover the genotypes from 
eryopreserved sperm s, particularly for those w hich are facing extinction because o f 
environmental or other pressures (S toss, 1983). A ndrogenesis can also  be used to study 
the phenotypic effects o f  cytoplasm ic constituents such as m itochondria as was pointed 
out by I'horgaard (1986). It can be used to analyse sex determ ining m echanism  in fish. 
I’roductitin t)l hom ozygous inbred lines by androgenesis could be extrem ely useful for 
monosex culture as the genotypes o f  inbred androgens in O. niloticu.s would be either
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YY or XX and any cross generation would be X Y  males. Horm onal sex reversed 
androgenetic fem ales (Y Y ) can also be used to produce all male offspring.
Although androgenesis has a number of potential applications in aquaculture, it 
is very difficult to produce viable diploid androgens due  to their high mortality. This 
high mortality o f androgens m ay result from the dam age o f  the egg due to irradiation for 
inactivation o f its nuclear DNA and shock treatment fo r inhibition o f  the first m itotic 
cleavage.
2.1.3 Clones and their importance
The term  “clone” m eans a group o f individuals w hich are genetically identical, 
that is, there is no genetic difference among them. T h e  second generation o f m itotic 
gynogens or androgens are clones, so that the resultant offspring w ould  be hom ozygous 
for every gene locus.
Both m itotic gynogenesis and androgenesis can be applied to produce 
completely hom ozygous individuals in the first generation  and clones in the second 
generation. The inhibition o f first mitotic division o f eggs using heat shock can produce 
homozygous fish through both types of artificial reproduction (M air, ef al., 1987; 
Hussain et al., 1993; M yers et al., 1995). Clones can be produced from  mitotic fem ales 
by applying m eiotic gynogenesis and from androgenetic males by another round o f 
androgenesis. A long w ith mitotic females hom ozygous mitotic m ales may produce in 
the FI generation and clones can be produced from  these m ales by androgenesis. 
Likewise, hom ozygous androgenetic females are produced  in the FI generation and 
clones can be produced from these females by m eiotic gynogenesis. Since clones are 
completely hom ozygous for every gene locus, they have potential for fixing superior 
genes (e.g. disease resistant genes). Thus a pure “gene poo l” can be built up in a clonal 
line which might be sim ilar to a starting population. C lonal lines arc supposed to be free 
from recessive lethal and m ajor deleterious alleles. T hey can be used in selective 
breeding program m es for im proving fish stocks (Han et al., 1991).
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The production o f clones o f fish is o f great im portance in aquaculture research. 
They can potentially be used in a variety  of research areas, including im m unology, 
endocrinology, toxicology, sex determ ination and quantitative genetics. As clones are 
fully homozygous anim als, any interesting genes and their functional expression can be 
examined in them. They are the identical offspring o f  hom ozygous m other or father, so 
sex ratio o f clones m ight be used to reveal the sex determ ining factors o f a given 
species. C lones are pure anim als and are supposed to response to any kind o f adverse 
environmental changes, therefore they can be used as test anim als in toxicological 
bioassays. Due to the versatility o f their application, a num ber of research groups have 
attempted to establish clonal lines for a variety o f fish species. So far, clones have been 
successfully produced for zebrafish (Streisinger et al., 1981), m edaka (N aruse et al., 
1985; Ijiri, 1987), com m on carp (K om en et al., 1991), ayu (Han et al., 1991) and Nile 
tilapia (Hussain, 1992). Recently, androgenetic clones have been successfully produced 
in amago salm on, O. ma.sou (N agoya et al., 1996) and in Nile tilapia, O. nilotica.s (J.M. 
Myers, personal com m unication).
In the present study inbred and clonal lines were produced by applying both 
gynogenetic and androgenetic techniques. Most o f the inbred clonal lines were produced 
by gynogenesis and these lines were used to exam ine non-specific and specific immune 
responses in tilapia. Some gynogenetic cloned fem ales were .sex reversed to males by 
hormone treatm ent and u.sed to produce outbred clonal lines. The sex determ ining 
mechanism o f O. niloticu.s was al.so analysed by using these inbred and outbred clonal 
lines.
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2.1.4 DNA fingerprinting
DNA is a giant and polym eric molecule w hich is com posed o f  two single 
strands. Each o f them  consists o f a backbone of sugar and phosphate w ith a num ber o f 
bases, adenine (A), cytosine (C), guanine (G) and thym ine (T) attached to the backbone. 
Two single chains o f  a DNA m olecule are held together by form ing hydrogen bonds 
between com plem entary bases (A=T and C=G) and each pa ir o f com plem entary bases is 
called a base pair (bp).
In eukaryotic genom es, highly polym orphic D N A  sequences can be repeated 
several to m any tim es. A ccording to the organisation o f  repetitive DNA in the genome, 
they can be divided into two classes, interspersed repeat sequences and tandem  repeat 
sequences. In the interspersed repeats, the repetitive D N A  sequences are scattered at 
multiple sites throughout the genome. In contrast, the tandem  repeats consist o f arrays 
of two to several thousand repetitive DNA sequences that are arranged in a head-to-tail 
fashion. This repetitive DNA sequence in tandem repeats is an integral com ponent o f 
eukaryotic genom es and about one-third o f the genom e consists o f such .sequences. 
Considering the length and copy num ber o f the basic repeated elem ents, tandem  repeats 
can be subdivided into three groups: satellite, m inisatellite and m icrosatellite. Satellites 
are com posed o f very high copy number repetitions o f  a basic sequence (usually 
between 1000 and m ore than 100,000 copies). The length  o f the repeat unit is usually 
l(X)-300 bp. M inisatellites consist o f shorter repetitive D N A  sequences, usually 10-60 
bp, and show a low er degree o f repetition at a given locus (Jeffreys et a!., 1983). 
Microsatellites com prise very short (between 1 and 10 bp) repetitive sequences and 
have been called “sim ple sequences” . M icrosatellites have a com paratively  low degree 
of repetition and are random ly dispersed throughout the genom e (Litt and Luty, 1989).
The three clas.ses o f tandem repeats can be highly  variable and their variability is 
most often due to the occurrence o f different repeat num bers in different individuals. 
This variability in repeat num bers forms allelic variants and for a num ber o f  mini- and 
microsatellites alm ost every individual is heterozygous. Polym orphism  caused by such 
variability is term ed as variable num ber o f tandem repeats (VNTR). Polym orphism  due
?>1
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to VNTR within a particular arrays is thought to be generated by unequal crossovers 
during m eiosis and by the m utational process o f  slipped strand m ispairing during DNA 
replication (Jarman and W ells, 1989; Avise, 1994).
DNA fingerprinting techniques were developed by Jeffreys et al., (1985) using 
Southern blot analysis o f a hypervariable D N A  region. The m ultilocus DNA probes 
named 33.6 and 33.15 identified a fam ily o f tandem  repeated DNA sequences which 
were characterised by a com m on G C-rich core sequences derived from an intervening 
sequence o f a human m yoglobin gene. The D N A  profile can be generated by cleaving 
total genom ic DNA on either side o f the m inisatellite, not w ithin the repeated sequence 
using a particular restriction enzym e. The length o f the restriction fragment will depend 
on the num ber o f repeats between sites and generate DNA fragm ent length 
polymorphism. The DNA fragm ents are separated by agarose gel electrophoresis, 
transferred to a m em brane and hybridised with one o f the com plem entary probes. The 
hybridisation results in a D NA profile which is specific for an individual in most natural 
populations. The com plexity  o f the DNA profile depends on the number o f  loci 
recognised by the hypervariable probe. If the probe hybridises to several loci scattered 
among the genomic DNA, the resultant profile is called “m ultilocus fingerprinting” . 
Since spontaneous de novo  m utation is rare (Jeffreys et a!., 1987 and 1988) and bands 
constructing the fingerprint patterns are inherited in M endelian fashion, each o f the 
bands in an individual DNA fingerprint profile must originate from either its biological 
father or mother.
M ultilocus DNA fingerprinting is the m ethod o f choice in m any cases especially 
for paternity and m aternity analysis (Jeffreys et al., 1985; Burke and Bruford, 1987; 
Burke et al., 1989; Burke et al., 1991). It is also useful in determ ining the relative 
values o f  genetic variability w ithin and betw een populations (G ilbert, et al., 1990; 
Reeve et al., 1990). How ever, there are som e technical, theoretical and statistical 
difficulties of m ultilocus fingerprinting w hich make it difficult to analy.se or 
inappropriate in some ca.ses like com plex mating system s within and between 
populations.
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However, D N A  fingerprinting has been used extensively to  produce individual 
specific markers in forensics (Bär and Hummel, 1991), in linkage analysis (Jeffreys et 
cil., 1986) and in m easuring genetic diversity (Reeve et al., 1990). In aquaculture 
research, DNA fingerprinting can be used as a tool for the identification o f individuals, 
constructing pedigrees and population genetic analysis (H allerm an and Beckm an, 
1988). It also facilitates estim ation o f inbreeding rates in com m ercial broodstocks 
(Doyle and Talbot, 1986; Eknath and Doyle, 1990) and family identification w ithout 
using tags especially fo r  very small fish. DNA fingerprinting can also  protect “b reeders’ 
rights” for hatcheries with superior broodstock by providing effective m eans o f 
differentiation betw een hatchery-reared and wild-caught fish
In this study m ultilocus DNA fingerprinting technique w as used to identify 
gynogenetic, androgenetic and clonal individuals. The fingerprints were produced by 
hybridising genom ic D N A  with Jeffreys 33.15 probe w hich produced specific banding 
patterns of DNA profiles. The analysis o f banding patterns o f  gynogenetic and 
androgenetic fish and clonal lines are presented and discussed. In addition to the DNA 
fingerprinting, the gynogenetic and clonal individuals were also identified by 
determining their genotypes through analysing isozyme locus. Several polym orphic loci 
can be used for tilapia identification but the AD A*  locus was analysed in this study.
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2.2 Materials and methods
2.2.1 Stock of experimental físh
The tilapia species, O reochrom is niloticus L. used in the experim ents described 
in this thesis cam e from the T ilapia Reference Collection at the Institute o f  A quaculture, 
University o f Stirling, Scotland. They were originally collected from a w ild population 
in Lake M anzala, Egypt, in 1979 (M cA ndrew  and M ajum dar, 1983). The original fish 
stock has been properly m anaged to m aintain their genetic variation over the 
generations. Their overall genetic variation was studied by M cAndrew and M ajum dar, 
(1983) and M yers et al. (1995).
2.2.1.1 Rearing and stocking facilities
All the rearing and stocking activities were carried out in four recirculating fresh 
water systems m aintained in the various tropical aquarium  facilities at the Institute o f 
Aquaculture. The tem perature in the aquaria was m aintained at 28 ±  1 °C and the 
photoperiod controlled with 12 h light : 12 h dark. The recirculating water system 
comprised of several com ponents, header tank, stock tank, bottom  settling tank, sump 
tank, pump, water buffering facility, w ater heater and biological filter trays. Figure 2.1 
represents a tilapia broodstock recirculating water system . Fish were kept in glass 
aquaria so that fem ales’ m aturity state can be observed from  the outside.
The rearing and slocking of the experim ental fish, reported in this thesis, were 
carried out using three different types o f  recirculatory system s.
2.2.1.1.1 Early fry rearing .system
1 he early fry rearing system consisted o f  2 x 180 I header tanks, 4-x 180 1 bottom  settling 
tanks, a pump tank and a large num ber o f 10 1 (w ater depth 13.5 cm) Perspex 
rectangular rearing tanks. These tanks were arranged in tw o rows on a two tier system 
and each of them has a central 20 mm drainage stand pipe. The warm w ater cam e from
40
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the overhead tanks into the rearing tanks by gravity and the w aste along w ith excess 
water discharged into the bottom settling tanks through the drainage stand pipe. The top 
part of the standpipe w as covered around with 500 micron nylon m esh screen 
whichprevented the escape or loss o f fry via the overflow . C ontinuous aeration was 
provided to  the header tank from a central blow er unit using one or two 15 cm air 
stones. T he chemical w ater param eters such as dissolved O^, pH , NH.,, N O 2  and NO^ 
were m onitored regularly.
2.2.1.1.2 Advanced fry rearing system
A dvanced fry w ere reared in 30 1 (w ater depth 18.5 cm ) circular plastic tanks 
which w ere connected w ith 2 x 180 1 header tanks, 2 x 180 1 bottom  settling tanks and a 
180 1 pum p tank. The circular plastic tanks each having a central stand pipe, were 
divided into four units, each unit contained 12 tanks arranged in parallel double rows o f 
24 tanks each side. Each o f the tanks was equipped with an inlet having one or two 
small je ts  at the blind end and a central drainage stand pipe. W hen w ater from the 
overhead tank came dow n directly into the circular tank by gravity, a 30“ to 45 angled 
Dow was maintained. As a result a circular w ater flow was created in the tank which 
facilitated to drain m ost of the centrally accum ulated solid w astes along w ith excess 
water through the central outlet pipe into the bottom  settling tank.
A series o f 180 1 capacity settling tanks collect solid w astes. These tanks were 
equipped with rows o f  long brushes and/or plenty o f floating bio-rings to assist .settling 
and acts as a surface w here bio-filtration can take place. The bottom  o f the settling tanks 
were cleaned once every  three to four weeks by draining out m ost o f the w ater as well 
as by Hushing of new fresh water. A fter hio-filtration the water Hows into a sum p tank 
trom w here it was pum ped (0.25 H.P., Beresford Pum p Ltd.) back to the 2 x 180 1
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header tanks. To m aintain the pH (6.5 - 7.8) o f the recircu lating  system, the overflow ed 
water from the header tank was passed through tray s  full o f limestone and shell. 
Sometimes a .series o f fine synthetic filters were placed o n  the limestone tank. The w ater 
temperature was m aintained at 28 ± 1°C by placing a 3 kw heater (Howden Ltd.) into 
the header tanks.
2.2.1.1.3 Stocking system
This system  consisted o f 2 x 180 1 header tanks, 2 x 180 1 bottom settling tanks, 
a 180 1 pum p tank and 16 fibre glass tanks (100 cm x 100 cm x 30 cm). The.se fibre 
glass tanks were equipped with a central stand pipe (4 0  mm) and arranged in double 
rows of 8 tanks each on a two tier system.
2.2.1.2 Feeding
Fish of all sizes from  fry to brood were fed w ith an appropriate size (no 2 size to 
no 5 size) o f com m ercial trout feed (Trouw A quaculture  N utrition, Rosshive, UK). 
Although these feeds were not specially form ulated for tilapia culture, they were 
apparently suitable to  provide their nutritional requirem ents. The proxim ate 
compositions o f different feeds are presented in Table 2 .1 . The early fry were fed w ith a 
micronized food (0.25 - 1.0 mm) prepared by grinding n o  3 sized food using a M oulinex 
coffee grinder. This w as fed 3 to 4 times a day ad lib itum . As the fish grew up the feed 
size was increased. T he advanced fry and fingerlings (1 0  - 40 g) received no 3 sized 
food at a rate o f 3 - 7 .5%  body weight 3 times a day. F ish  weighing 40 - 80 g w ere fed 
with no 4 feed (4 - 4.5 m m ) and for 80 + g and b roodstock , no 5 feed (5.5 - 6.0 m m ) was 
used, but the ration w as reduced to 2-3% body weight.
2.2.2. Anaesthesia
To avoid excess handling stress during breed ing , sam pling (length and w eight 
measurement), tagging and marking, tin clipping an d  blood collection, the fish were
4.^
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T able  2.1 Proxim ate com position o f different feeds used in rearing o f experim ental fish (% dry 
matter basis) (Source -Trouw A quaculture)
P a ra m e te rs Feed no. 2 Feed no. 3 F eed  no. 4 F e e d  no. 5
Protein 54.0 54.0 40.0 40.0
Oil 15.0 15.0 8.0 8.0
NFE 12.0 12.0 29.5 29.5
Fibre 1.0 1.0 4.5 4.5
Ash 10.0 10.0 10.0 10.0
M oisture 8.0 8.0 8.0 8.0
anaesthetised w ith benzocaine (ethyl 4-am inobenzoate) at a concentration of 1: 10,000. 
A stock solution w as prepared by dissolving benzocaine pow der at 10% w /v in ethanol. 
Whenever necessary fish were im m ersed in a bucket containing fresh benzocaine 
solution and left there until the fish lost equilibrium  and opercular m ovem ent stopped 
stopped. In this condition fish could  be handled for few m inutes while necessary work 
was done. After handling the fish were m oved to the aquarium  with rapid water flow 
and aeration. They usually recovered within a few minutes.
2.2.3 Tagging o f fish
Due to a shortage o f individual tanks in the aquarium  it was necessary to keep 
fish from different families com m unally in a large tank. Before m ixing they  were tagged 
at 3-4 months old with individual identification marks. For this purpo.se an electronic 
PIT tag (Avid Inc. California, U SA ) was used, which carries an individual nine digit 
number that can be read by an Avid Tag R eader (Pow er tracker II, Avid Inc. California, 
USA). This small tag was placed into the body cavity o f  the fish in an anaesthetised
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condition by m aking a sm all dorso-ventral incision just above the anus with a sharp, 
sterile scalpel blade. A fter insertion o f the tag into the body sm all am ount of Orahesive 
Protective Powder (E.R. Squibb  and Sons Ltd. M iddlesex, UK) w as spread over the 
incision to assist healing and  prevent infection. Proprietors tagging syringe with a sharp 
needle was also used to tag  some o f the fish. The tag w as placed in to  the needle and 
injected into the body cavity.
2.2.4 Fish breeding
To carry out b reeding  activities a number of m ature female and male brooders 
were transferred from the brood  stock tanks to a series o f g lass aquarium  (120 cm x 44 
cm X 30 cm) connected w ith  a recirculating water system  as described above (Figure 
2.1). The water tem perature was m aintained at 28±1 °C using a therm ostat heater placed 
into the overhead tank. U sually  three females were accom m odated in one tank and 
separated by two sheets o f  Perspex. All o f the brooders w ere marked with Avid Tags as 
described above.
Normally m ature fem ales o f O. niloticus spawn at approxim ately 2-3 week 
intervals under aquarium  conditions. Females which were ready  to spaw n had a swollen 
urogenital papilla and show ed pre-spawning behaviour such as nest building and 
cleaning. The eggs were collected  from the ripe female by  stripping. Fully ovulated 
eggs are very easily stripped by applying gentle dow nw ard pressure with the lingers 
from below the pectoral fin to the genital opening o f the fish. Eggs w ere collected in a 
clean, sterile Petri dish (1(X) mm in diam eter) and were washed very  carefully with 
water from the recirculatory system  several times until all b lood  and ovarian fluids were 
removed. Milt was stripped from male fish in a sim ilar way o f  egg  collection but 
collected in glass capillary tubes (BDH). Fertilisation o f eggs was accom plished in vitro 
by adding the milt to “dry” eggs and then adding 10-20 m l of aquarium  water. After 
fertilisation eggs were transferred to downw elling incubator for further development.
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2.2.4.1 Incubation of eggs
A few minutes after fertilisation eggs were w ashed with aquarium  w ater in the 
Petri dish and then transferred to a series o f 750 ml round bottom ed plastic ja rs  (soft 
drink bottles) for incubation (Figure 2.2). These jars w ere connected to a recirculating 
water system where w arm  water (28±1°C) was fed from  a 125 1 overhead tank to the 
jars by gravity. The w ater from the overhead tank first passed through a 30 W UV 
sterilisation unit (flow rate 20 1 min ‘, UV dosage ca 62000 pW  sec cm'^ ), then 
through20 mm PVC pipe to  the jars. T hey received w ater from  the PVC pipe flow via 4 
mm diameter Perspex tubing connection and the flow in the ja rs  was controlled by small 
airline taps in such a way that the eggs in the jars were kept in gentle m otion at all times 
(Rana, 1986). The w astew ater was discharged into the bottom  settling tank (180 1) via 
two filters filled with shell unit positioned just above the settling tank. The shell filters 
helped to maintain the pH o f  the system  and act as a surface for bacteria.
2.2.5 Application of heat shocks to fertilised eggs
The range o f tem peratures and duration o f heat shocks to fertilised eggs during 
the artificial induction o f gynogenesis and androgenesis in O. niloticus are described in 
details in Sections 2.2.11.1 and 2.2.1 1.2. Therefore, a detailed description o f the 
equipments and basic m ethods are given in this section.
A temperature controlled water bath having both cooling and heating facilities 
with a range o f -20 to + 100 ±  1 ”C (Jencons Scientific Lim ited, England) was used for 
heat shock treatments. T he water bath was filled w ith clean w ater and heated to the 
required temperature before the experim ent was started. A fine m ercury therm om eter( 1- 
100 "O  with 0.1 "C graduation was also used to check the actual tem perature o f the 
water. Eggs were fertilised in vitro in a clean Petri dish and then transferred directly to a
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h'igure 2 .2  D iagram  o f 'eg g  incubation bottles and water recirculating system (C opied from 
M cAndrew <7 n/.. 1995)
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netting tea strainer placed into the water bath and left for required duration as per the 
design o f the experim ent. W hen the shock period was over, the strainer with eggs 
moved immediately back to a bucket full o f w ater (28 ± 1 °C) and finally the eggs were 
moved to the incubator.
2.2.6 Collection and ultraviolet irradiation o f sperms
Collection and UV irradiation o f sperm were carried out follow ing the m ethods 
described by Hussain (1992) w ith some m inor m odifications. Milt was collected from 
the mature male fish by artificial stripping. B efore stripping the urine was ejected and 
feces or mucus were cleaned from  the genital papilla by using a piece o f soft tissue. The 
milt was collected in a glass capillary tube by placing it at the opening o f  the urethra. 
Any m ilt with urine or other contam ination were discarded. T he milt was always kept in 
a refrigerator at 4 °C until used in either norm al fertilisation or other experim ental 
crosses.
Sperm used for gynogenesis was first checked for m otility under a light 
microscope and then the sperm  count was estim ated using a haem acytom eter. The 
counting was carried out as follows.
Ten pi o f milt was added to 490 pi o f M odified Fish Ringers solution (M FR), 
pH 8.0 (Appendix 2.1), in a m icrotube to make the total volum e 500 pi and m ixed by 
gentle shaking. Then 10 pi o f diluted sperm from  the first m icrotube w as placed into 
another microtube containing 90 p i o f MFR to give a total volum e o f  100 pi. The sperm 
was mixed again and about 12 p i o f diluted sperm  was placed carefully on each side o f 
the haem acytom eter under a coverslip.
After a few minutes w hen the sperms settled down, they were counted in 5 large 
squares as indicated above on each side of the haem acytom eter and the average taken to 
minimise any errors during counting. The concentration o f  sperm  was calculated as 
follows:
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For example :
Total number of sperm  in 5 large squares on one side was 2 0 0  and on the other side was 
250
Average num ber o f  sperm  in 5 large squares = (200 + 250)/2 = 225 
Average num ber o f  sperm  in a small square = 225/80 = 2.81
Total concentration o f  sperm  = 2.81 x 4000 x KXX) x 50 x 10 = 5.6 x lO'* ml '
chiimhcr volunu.' ililulion factor
For UV irradiation the num ber o f sperm  was adjusted to 2.5 x 10  ^ml ' by d iluting
(2.5 X 10^)/ (5.6 X 10*^ ) = 4.46 pi o f  dry sperm with MFR to  give the total volum e KXX)
pi.
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The dilu ted  milt was transferred to  a 30 mm Petri dish for irradiation where the 
depth of the solution was approximately 1.2 mm. T he sperm w ere gently stirred and 
irradiation w as carried out at 4 °C tem perature using a 254 nm w avelength UV lamp 
(Ultra-Violet Products, San Gabriel, Calf.) at a dose o f  250 - 265 pW  cm'^ for 2 mins. 
The intensity o f  the UV radiation was m easured by a radiom eter (U ltra-V iolet Products 
Inc.).
2.2.7 UV irradiation o f eggs
UV irradiation o f  eggs was carried out according to M yers et al. (1995). The UV 
irradiation required 4 ml o f unfertili.sed eggs, which w ere m easured in a graduated vial. 
The eggs were washed in water by very gently  inverting the tube a few tim es. The wash 
water was poured off and new fresh w ater added to bring  the total volum e o f eggs and 
water to 14 m l. The eggs in water w ere then poured into a Petri dish (75 mm in 
diameter) w hich was then placed on an egg  “w hirler” under a 254-nm  UV lamp (Ultra- 
Violet Products, San Gabriel, Calif.). The eg g ’s DNA was denatured by UV irradiation 
with a dose o f  150 pW  cm ^ for 4 mins. T he intensity o f  UV light was m easured by a 
radiometer (U ltra-V iolet Products, San G abriel, Calif.).
2.2.8 Karyological study for ploidy determination
For p lo idy determination o f the experim ental fish m etaphase chrom osom e 
spreads were prepared from newly hatched or one day old  larvae follow ing some minor 
modifications o f  the original procedures described by Kligerman and Bloom (1977), 
Chourrout and It/.kovich (1983) and Chourrout (1986). Embryos were transferred to a 
Petri dish containing 0.002 - 0.005%  colchicine solution and left for 4-6 hrs at 25 "C. 
Alter that they were transferred to a chilled 0.7% NaCl solution and the head and yolk 
sac removed under a binocular m icroscope using a pair o f surgical needles. The 
dissected tissues were kept in distilled w ater (hypotonic solution) for 8-12 mins before 
lixed in 3 ; 1 methanol : acetic acid. The em bryonic tissues were left in the fixative for
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about 30 mins but, if  necessary, they could be stored for u p  to 6 weeks at 4 °C providing 
the old fixative was replaced twice with fresh.
For slide preparation  the em bryonic tissues were rem oved from the fixative, and 
excessive fixative b lo tted  off with tissue. They were then placed in a 5 mm diam eter and 
about 7 mm deep flat-bottom ed hole (made in a 10 m m  thick Perspex block) with 2-3 
drops of 50% acetic acid. The tissues were then g round for 1 min using a 3 m m  
diameter glass rod. T en  mins after grinding the cell suspension was taken up into a 
capillary tube and dropped from  30-40 cm height on to a  clean glass slide placed on a 
hot plate (45 ”C). T o  m ake a fine circle from the drop m ost o f the rem aining fluid w as 
sucked back into the capillary tube within 8-10 sec and th e  process repeated to produce 
2 or 3 rings per slide.
Slides were rem oved from the hotplate after 1 m in and left to air dry before 
staining with 10% G iem sa (prepared in O.OIM phosphate buffer, pH 7.0) for 20 m ins. 
The slides were then rin.sed in distilled water to rem ove excess stain, air dried again, 
placed in xylene for 10 mins and finally mounted with D PX  (BDH Ltd.). Chrom osom e 
spreads were identified  around the edge o f the circle u n d er x40 m agnification and the 
number of chrom osom es counted under xlOO (oil im m ersion) m agnification using an 
Olympus com pound m icroscope.
2.2.9 Sex reversal
As per the requirem ent o f the experim ent sex reversed fish were produced by 
feeding hormone trea ted  food from first feeding. This occurred  approxim ately 9-10 days 
after fertilisation, w hen  the yolk sac has just been absorbed  com pletely. Usually half o f  
the fry of a batch w ere fed with horm one treated food fo r  30 days followed by untreated 
food. The rem aining h a lf was kept as untreated controls to  give the original sex ratio.
17 u-m ethyl testosterone (60 mg kg ' o f food) w as the horm one used to produce 
masculini/.cd fem ales are called “neom ales” (fish w hich  arc genotypically female but 
phenotypically m ale) (Popm a and Green, 1990). Sex reversed females (“neofem alcs” )
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can be produced by  using Diethylstilbestrol (DES) horm one added to the food (M air 
and Santiago, 1994).
To prepare the food, the no. 3 trout feed pellets were ground to give a fine 
powder and then thinly spread out in a tray. The required am ount o f  17 a-m ethyl 
testosterone or D ES hormone was w eighed and dissolved in ethanol (50 ml o f ethanol 
was used per 100 g of ground food). The dissolved horm one was sprayed over the food 
in a fume cupboard using a spray gun (B D H ) and the food thoroughly mixed. The food 
was left in the fum e cupboard for several hours to dry, then stored in airtight containers 
at 4 °C. The food for control groups o f  fry was prepared in the sam e way by spraying 
only ethanol.
2.2.10 Fish sexing
For sexing fish two methods are used. The m ethod used to sex m ature fish is 
examination of th e  morphology o f the urogenital papilla. Generally, in the case o f 
mature males, the urogenital papilla possesses a com m on posterior opening, w hereas the 
female fish has a separate urinary and an oviducal openings (Chervinski, 1983). This 
method is very reliable for large fish but in sm aller im m ature fish where the 
morphology of th e  urogenital papilla is not so prom inent, there is a possibility o f 
misidentifieation.
The second method used was gonad squashing and aceto-carm ine staining 
(Guerreo and Shelton, 1974). This is used for small im m ature fish and is more accurate 
and reliable than m orphology. The fish is killed and the viscera rem oved to reveal the 
two thread like gonads lying along the upper surface o f the body cavity on either side o f 
the kidney. The gonads are removed and placed on a clean glass slide. A few drops of 
aceto-carmine stain are added and the gonads squashed with a coverslip. The sex o f  the 
fish was identified by exam ining the slides under a sim ple micro.scope. Figure 2.3 and 
Figure 2.4 showing the structure o f a testis and an ovary o f  O. nilotictis respectively.
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2.2.11 Production o f inbred lines
2.2.11.1 Experimental designs for the production of gynogenetic inbred lines
In general this was carried out according to Hussain et al. (1993) with some 
minor modifications. Eggs were collected and fertilised w ith  UV irradiated sperm. T o 
induce meiotic gynogenesis, eggs were heat shocked at 41-42 °C  for 4 m ins, starting at 
5 mins after fertilisation. The heat shock was applied during second m eiosis to prevent 
e.xtrusion o f second polar body. For mitotic gynogenesis, the first cleavage o f eggs w as 
suppressed by adm inistering heat treatment at 42-42.5 °C  for 4 mins com m encing 25-29 
mins after fertilisation. Haploid gynogenetics were produced by fertilising eggs w ith 
irradiated sperm and incubated without applying any heat shock. Control groups were 
generated by ordinary fertilisation. Figure 2.5 shows the schematic diagram  o f the 
gynogenetic clonal line production system.
Nineteen m ature females o f known A D A *  genotype were em ployed to produce 
inbred lines. Eggs were collected by stripping from a fu lly  ovulated fem ale (Section 
2.2,4) and were divided into four batches. T he first, .second and third batches o f eggs 
were fertilised w ith UV irradiated milt (Section 2.2.6) and the fourth batch o f eggs 
fertilised with norm al milt. The milt from a single male was used for all egg batches in a 
single pair mating. The first and second batches o f eggs w ere used for production o f  
meiotic and mitotic gynogenetics by applying early  heat shock (41-42 “C  for 4 mins at 
5 mins post fertilisation) and late heat shock (42.0-42.5 "C fo r 4 mins at 25-29 mins post 
fertilisation) respectively. The third and fourth batches o f eggs were used as UV control 
and control respectively. All the batches o f eggs were fertilised separately with the 
respective milt. As the meiotic diploidi/.ation w as carried out 5 mins after fertilisation, 
the fertilised eggs could be left on the working bench (28 "C) until the tim e for the heat 
shock and transferred into the egg incubator im m ediately after the shock treatm ent. The 
other batches o f eggs had to be placed into the incubators just after fertilisation so as 
they continued to develop at the correct rate (Section 2.2.4.1). The batch o f eggs 
assigned lor mitotic diploidi/.ation was rem oved from the incubator just before the tim e 
for heat shock (25-29 mins after fertilisation) and put back once they were treated.
.*)4
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2.2.11.2 Experimental designs for production of androgenetic inbred lines
Androgenesis was carried out by follow ing the procedures described  by Myers 
et al. (1995). Before fertilisation of eggs with norm al milt, the egg ’s DNA was 
denatured by UV irradiation, with a dose o f 150 pW  cm '^ for 4 mins (see Section 2.2.7). 
To diploidize the haploid genom es, the first mitotic division o f the eggs w as suppressed 
by applying heat shock at 42.5 °C  for 4 m ins at 25-27 m ins after fertilisation.
Androgenetic haploids were produced by fertilising DNA disrupted  eggs with 
normal sperm and incubating them w ithout applying any heat shock. D ip lo id  controls 
were produced by normal fertilisation o f eggs with sperm.
Mature hom ozygous blond males w ere selected and used for the production of 
androgenetic fish. Blond is a recessive co lour trait w hich will only be expressed if the 
androgenetic treatm ent has been successful (Scott et al., 1987; M yers et al., 1995). Milt 
was collected from  a homozygous blond m ale and kept at 4 °C. Eggs w ere  collected 
from an individual female (Section 2.2.4) and divided into three batches. T h e  first and 
second batches o f  eggs were irradiated by U V  light and the third batch o f e g g  left as the 
control. All three batches o f eggs were fertilised with the same milt. The first batch of 
eggs were assigned for the production o f diploid androgens, and the second  and third 
batches of eggs for UV control and control respectively. A fter fertilisation all batches of 
eggs were placed into separate incubators. T he first batch of eggs were rem oved at the 
appropriate time for heat treatm ent and then returned after being treated.
2.2.12 Production of clonal lines
2.2.12.1 De.signs for the production of clonal lines
G ynogenetic and androgenetic clones were produced from gynogenetic and 
androgenetic inbred fish respectively. For gynogenetic clones, eggs were collected by 
stripping from m ature mitotic females (Section 2.2.4) and fertilised with U V  irradiated 
sperm (Section 2.2.6). Five minutes after fertilisation, the eggs were heat shocked at 41- 
42 "C lor 4 mins (m eiotic gynogenesis) and placed into an incubator (Section 2.2.4.1).
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As the mitotic gynogenetic fem ales are fully inbred some o f them  do not 
produce good quality eggs. So, at least five m itotic fem ales from  each family were kept 
in breeding aquaria in order to produce the clonal lines. Eggs w ere collected from an 
individual female and divided in to  three batches. The first and second batches o f eggs 
were fertilised with UV irradiated sperm  and the third batch w ith normal sperm. The 
first batch o f eggs was used to produce the clonal fish by applying early heat shock as 
described above. The second and third batches o f eggs were used as UV control and 
control respectively.
For the production of an androgenetic clone, eggs were collected from an 
ordinary mature female (Section 2.2 .4) and denucleated by UV irradiation as described 
in Section 2.2.7. The milt was co llected  from  an inbred androgenetic male (YY) and 
used to fertilise the denatured eggs. For diploidization, the fertilised eggs were then 
exposed to heat shock as described in Section 2.2.1 1.2.
Most o f the androgenetic m ales were able to produce active sperm. The designs 
of the experiments for androgenetic clone production were exactly the same as the 
designs followed for androgenetic inbred line production (Section 2.2 1 1.2) except the 
sperm donor was an androgenetic m ale (YY) instead o f  an ordinary blond male.
2.2.12.2 Production of gynogenetic homozygous and heterozygous clones
Homozygous clones are a group o f individuals which are produced in a clonal 
line by cither sib mating or back crossing  with their m itotic gynogenetic mother, or by 
another round o f meiotic or m ito tic  gynogenesis. On the o ther hand, heterozygous 
clones are a group o f individuals produced by crossing between a male from one clonal 
line and a female from another line. Since all the gynogenetic clones were female (XX), 
with a few exceptions where som e males (XX) were found, som e neomales (XX) w ere 
produced in each line by adm ini.stering horm one treatm ent using 17 a-m ethy l 
testosterone with food (Section 2 .2.9). Figure 2.6 shows the crossing patterns for the 
production of gynogcnctic hom ozygous and heterozygous clones.
.S7
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2.2.12.3 Production o f androgenetic homozygous and heterozygous clones
Homozygous androgenetic clones can be produced either by sibm ating or back 
crossing with their androgenetic father (YY), or by another round o f androgenesis 
(Figure 2.7). H eterozygous clones can be produced by crossing between cloned m ales 
(YY) from one line and neofem ales (YY) from  another line. Neofem ales (YY) can be 
produced by feeding DES horm one w ith their food (Section 2.2.9).
2.2.12.4 Production o f clones from androgenetic female (XX)
In O. niloticus m ale  fish are heterogam etic (XY) and can produce two different 
types of gametes. During production o f androgenetic diploids both androgenetic m ale 
(YY) and female (XX) progeny w ere obtained. C lones were produced by fertilising 
eggs collected from the androgenetic fem ale (XX) fish w ith UV irradiated sperm  
followed by applying m eio tic  gynogenesis (Figure 2.7). Som e neomales (XX) were also  
produced by using horm one treatm ent (Section 2.2.9).
2.2.13 Incubation of eggs and checking their survival rates
Both treated and untreated eggs for all the experim ents described m this chapter 
were incubated identically (Section 2.2.4.1). T he em bryos in each batch were checked 
and counted at the pigm entation  (40-42 hrs after fertilisation) and yolk sac resolution 
(9-10 days after fertilisation) stages. The survival rate o f the em bryos was calculated as 
follows
number o f  em bryos surviving at a given developm ent stage
Survival (%) = ---------------------------------------------- --------------------------------------- X 100
Total num ber o f  eggs
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2.2. !•! Progeny testing and  determination o f sex ratio
The sex ratios in all the treatm ent groups o f  fish such as m itotic gynogens, 
meiotic gynogens, androgens, inbred and outbred clones, and controls w ere determ ined 
bv killing the fish, squashing the gonads and staining with aceto-carm ine (Section 
2.2.10). The fish were sex ed  at least at a m inim um  age o f three months.
The effectiveness o f  the horm ones and their dosage during the sex reversal 
experiments were determ ined by progeny testing. Progeny testing can be used to 
confirm homozygous cond ition  o f the prim ary sex determ ining locus in gynogenetic and 
androgenetic clones. P rogeny  testing w as carried out by either crossing neom ales (XX) 
or androgenetic males (Y Y ) with an ordinary fem ale. Sex ratios o f  the resultant 
offspring were determ ined by killing and sexing them  as above. All the sex ratios 
obtained from different treatm ent groups and crosses were analysed by Chi-square 
comparing with 1:1 sex ra tio  and, if necessary, with the respective norm al controls. In 
x’ test both P<0.05 and P<0.01 were chosen as the significant level.
2.2.15 Starch gel electrophoresis
Horizontal electrophoresis w as carried out to verify the genotypes of broods, 
gynogenetics and cloned progenies produced from different families following the 
methods described by M cA ndrew  and M ajum dar (1983). The total procedures can be 
divided into three steps : i) Collection and preparation o f samples, ii) Preparation of 
starch gel and iii) R unning, slicing and staining o f gels.
2.2.15.1 Collection and preparation o f samples
a) Fin : Fin sam ples were collected by sim ply clipping 3 mm from the caudal fin 
Iroin different groups o f  fish  using sterile .scis.sors. Sam ples were put individually into 
microluge tubes and stored at -20 "C.
b) Blood : Blood sam ples w ere collected from the caudal vein o f  fish using 21 
to 23 g sterile needles and  syringes. T o prevent coagulation o f blood during sam pling
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Cortland’s saline w ith 10 mM EDTA (Appendix 2.2) (approxim ately 1 volume of 
Cortland’s saline : 2 volum e o f blood) was taken in the syringe. The collected blood was 
mixed with the anti-coagulant by gentle shaking o f the syringe and the blood transferred 
into a 1.5 ml sterile m icrofuge tube. The blood sam ples were then centrifuged at 1400 g 
for 2 mins, the supernatant removed and the pelleted blood ce lls  were stored at -20 °C 
for future use.
For electrophoresis, samples (fin and blood) were thawed for a few mins. 
Cytoplasm from the thaw ed tissues was then absorbed onto 3-4 x 13 mm paper wicks 
made from W hatm an No. 1 filter paper ( 6 x 6  m m ) placed on to  the sample in the tubes.
2.2.15.2 Preparation o f starch gel
Twenty two g o f  starch (Sigma Ltd.) was m ixed w ith  220 ml o f diluted Tris- 
Borate-EDTA (TBE) (Appendix 2.3) in an Erlenm eyer flask. The starch was mixed 
homogeneously and heated up to the boiling point of the solution with continuous 
rotation of the flask. At boiling point the m ixture becam e a thick gel and the heating 
was continued until all starch granules had burst and the viscosity began to reduce. 
Immediately after heating the starch solution was degassed using a water aspirator. The 
solution was then poured into a 6 mm thick gel former, covered with a glass plate and 
left overnight for cooling.
2.2.15.3 Running, slicing and staining of gels
After overnight cooling the gel former was rem oved and a cut was made across 
gel using a scalpel b lade with the help of a ruler, about 3 cm from the edge o f one o f the 
long sides o f the gel. The filter paper wicks were placed vertically along the cut with a 
maximum of 30 sam ples per gel. After placing all the sam ple wicks, the gel former was 
placed back on the gel and a Perspex spacer (10 mm) positioned between the gel and the
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former to keep the sam ple  slot closed. The gel was then run in an electrophoretic bath 
with 1 X TBE buffer for 3 -4  hrs at 150-200 V at 4 ”C in a refrigerator.
Following com pletion  o f electrophoresis, the gel w as rem oved from the bath and 
sliced horizontally into 3 thin slabs. Each slab can be individually stained for a different 
enzyme, in the present study only A denosine deam inase (ADA) was exam ined. For 
staining the gel, the sta in ing  reagents (Appendix 2.3.1) for ADA were m ixed with 
respective buffer and h o t agar (50-60 °C) solution. 25 ml o f staining m ixture were 
poured over a slab, left fo r  2-3 mins to set and then incubated at 37 °C until the bands 
became visible. The sta in ed  gel was then fixed in gel fixative solution (A ppendix 2.3.2). 
The visible bands in the gel were exam ined and scored for the respective genotypes and 
finally the agar overlay w as  dried and stored for future reference.
2.2.16 Extraction o f total genomic DNA for Fingerprinting
2.2.16.1 Sample collection, preparation and digestion
For the extraction  o f total DNA, fin and blood (both fresh and frozen) samples 
were used. Both fin and  blood sam ples were collected following the procedures 
described in Section 2.2 .15.1 .
For extraction o f  DNA, fin sam ples were hom ogenised in an earthenw are mortar 
and pestle to a fine powder. The tissue was kept frozen all the tim e during 
homogenisation by ad d ing  liquid N 2 . The hom ogenate was then transferred into a 1.5 
ml sterile microfuge tu b e  containing a m ixture o f  435 pi o f  TFIN buffer (100 mM  I'ris- 
HCl. pll 8.0; 10 mM E D T A ; 250 mM  NaCl), 10 pi o f  DNA se-free RNAse A  (10 mg 
ml ') and 50 pi o f 10% (w /v) SDS solution. In the case o f  a blood sample, an  aliquot 
(10 pi) o f fresh or thaw ed  blood cells was added to a m ixture o f  435 pi ot FHN butter 
and 10 pi o f D N A se-free RNAse A (10 m g ml ') in a 1.5 ml sterile m icrofugc tube and 
mixed well. 50 pi o f  10%  (w/v) SDS solution was then added and the w hole mixed
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again. After 1 h incubation at 37 °C, 10 ^1 o f  proteinase K  (10 mg ml ')  was added to 
each of
the fin or blood digests which were then incubated overn ight in the same temperature.
The next day the tubes with digested samples w ere removed from the incubator 
and 500 pi o f buffered phenol was added to each. The tw o  layers were then m ixed by 
gently shaking and inverting the tubes 10-15 times and the  mixture centrifuged at 5000 
g for 5 mins in a m icrocentrifuge (Heraeus Sepatech) at ro o m  temperature. The aqueous 
phase was carefully transferred to another new sterile tube using a micropipette and cut­
off sterile pipette tips. T his step was repeated another tw o or three times until the 
aqueous phase becam e clear. The solution was then ex tracted  twice with chloroform  : 
isoamylalcohol (24 : 1, vol :vol) following the same procedure as above. The aqueous 
phase from the last extraction was transferred to a new sterile  microfuge tube and 0.6 
volumes of isopropanol alcohol were added to the tube and shaken vigorously for a 
while. At this stage a white precipitate should be seen, otherw ise the solution should be 
kept at -20 "C for 2 hrs (M aniatis et al., 1982) for com plete  precipitation o f the DNA. 
The precipitate was then pelleted by spinning at 1400 g for 10 mins, the supernatant 
removed and the pellet w ashed twice with 70% ethanol, leaving 30-60 mins between 
washes. The pellet was spun dow n at 200 g for 2 mins, the supernatant removed and the 
pellet desiccated in vacuo fo r a few minutes. Finally the pellet was resuspended in 100 
pi of TF, buffer (10 mM Tris-H C l, pH 8.0, 1 mM ED TA ), w ith 1 h incubation at 37 "C, 
then stored at 4 "C until further use.
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2.2.16.2 Quantitation o f DNA
Two methods are w idely used for m easuring the concentration o f DNA in a
sample.
2.2.16.2.1 Spectrophotometric determination o f DNA
The concentration o f  DNA o f  a sam ple was m easured by determ ining the optical 
density (OD) at two w avelengths, 260 nm and 280 nm. The OD value at 260 nm is used 
to estimate the concentration  o f nucleic acid, while the reading at 280 nm determ ines 
the amount o f protein in the same sam ple. An O D  of 1 corresponds to approxim ately 50 
|ig ml ' for double-stranded DNA (M aniatis et al., 1982). The ratio between the readings 
at 260 nm and 280 nm  (O D 26 0/O D 2 8 0 ) provides an estim ate o f the purity o f the nucleic 
acid. The ratio for a pure preparation o f DNA should be 1.8. If the DNA sample is 
contaminated with protein  o r phenol, the O D 26 0/O D 28 0 will be significantly less than the 
above mentioned values. O n the other hand, the ratio higher than 2.0 indicates the 
presence of high am ounts o f  RNA in the sam ple (Sam brook et al.. 1989). For these 
situations, the sam ples should be digested again with proteinase K and RNAse A 
respectively and extracted by phenol and chloroform /isoam yl alcohol (24: 1) follow ing 
the procedures as described above.
To prepare the sam ple for spectrophotom etric analysis, 5 pi o f  the extracted 
DNA was mixed with 995 pi o f  TE buffer by shaking and then incubating at 37 "C for 1 
h. The diluted DNA sam ple was transferred to a .semimicro-UV cuvette (BDH) and 1 ml 
of TE was placed in an o th er cuvette as a reagent blank. The concentration ot DNA w as 
calculated as follows.
[D N A ] = O D 26 0  X Dilution factor x 50 
= X p g m l '
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2.2.16.2.2 Mini gel electrophoresis
The concentration o f DNA in the samples was also determ ined by running them 
in a small agarose gel (0.7% ) along w ith  a known standard  marker (X Hind III). For 
preparing the gel 0.54 g o f ultra pure agarose (Giòco BRL) w as mixed with 77 ml of lx 
TBE (Appendix 2.4) in a 250 ml beaker (Pyrex). The m ixture was heated over a Bunsen 
burner with continuous swirling until no  agarose particles w ere visible. When the gel 
became cool to 50-60 °C, 3.84 pi o f ethidium  bromide (10 m g  ml ') was added to the gel 
and then poured into the gel mould. U sually 1 pg o f  m arker was run parallel to the 
samples. The gel was run at 3-5 V cm ' for 2.0-2.5 hrs, visualised by an UV 
transilluminator and photographed by using a Polaroid cam era  (Polaroid film type 665). 
For comparing the intensity o f  a sample band with the m arker, one o f  the marker bands 
with similar intensity was selected. T hen by calculating the  proportion of the selected 
band to the total marker weight the sam ple DNA concentration  was determined.
2.2.17 Digestion of DNA with restriction endonuclea.se for  DNA fingerprinting
Five pg o f  each DNA sample w as digested with H in t) (Stratagene) restriction 
enzyme in a total volume o f  100 pi. The reaction mixture w as prepared in a sterile 1.5 
ml microcentrifuge tube by adding the required amount o f  sterile deioni.sed distilled 
water followed by 10 pi o f  lOx universal reaction buffer. 10 pi o f spermidine 
trihydrochloride (40 mM), 1 pi o f  acelytated BSA (10 m g m l ') and 5 pg o f  the DNA 
sample. The reaction mixture was then mixed thoroughly  by shaking. Finally the 
appropriate am ount o f restriction enzym e (4 unit pg ' o f D N A ) and one drop o f mineral 
oil were added to the mixture. The tube was then pulse spun  at 5(XK) g to collect the 
reaction mixture in the bottom  of the tube and layer the oil above it. The reaction 
mixture was then incubated at 37 "C fo r 14-16 hrs. The m ineral oil overlayer on the 
sample prevented evaporation during incubation. For digestion o f  multiple DNA 
samples with the same enzym e, the w orking conditions can be speeded up by preparing
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a premix solution. A fter aliquoting the prem ix solution (suppose 50pl) to  the individual 
tubes, the required am ount o f DNA and restriction enzym e can be added and the total 
volume raised to 100 pi b y  adding sterile water.
Following incubation  any condensate was accum ulated at the bottom  o f the tube 
by pulse spinning at 5000  g and 200 pi o f  TE buffer added to each tube. 300 pi o f  
buffered phenol was added  to the tube and it was spun at 8,750 g fo r 5 mins. The 
aqueous phase was transferred  to another sterile tube and extracted again with an equal 
volume of chloroform : isoam yl alcohol (24 : 1). At the end o f extraction, the aqueous 
phase was transferred to  another tube and mixed w ith 1/50 volum e o f 5M NaCl 
solution. To precipitate th e  restricted DNA, 2.5 volumes o f  ice-cold 100% ethanol were 
added and mixed gently an d  kept at -20 “C for 2 hrs. Then the tubes w ere spun at 8,750 
g for 15 mins and a w hite DNA precipitate obtained at the bottom  o f the tube. The DNA 
pellet was washed once w ith  1 ml o f  70% ethanol and spun as above. T he supernatant 
was poured off and the D N A  pellet dried in vacuo. The pellet was resuspended in 6 pi 
of TE buffer by incubating at 37 °C for 1 h and then stored at 4 “C until needed.
2.2.17.1 Agarose gel electrophoresis
For DNA fingerprinting the restricted DNA was run in an agarose gel. The 
concentration o f the gel depends on the size o f the DNA fragm ents resulting from the 
restriction endonuclease digestion. G enerally, the concentration o f agarose gel is 
increased as the fragm ent size o f interest decrea.ses. 0.7%  agarose gel w as used for the 
Iragments produced by H infl enzym e. The gel was prepared by m ixing 1.4 g o f  ultra 
pure agarose (Gibco B R L) with 200 ml of 1 x TBE buffer in a 500 ml E rlenm eyer flask 
and the mixture heated w ith  continuous sw irling over a Bunsen burner until no agarose
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particle could be seen. The gel was left to cool to 50 to 60 “C  and then poured into the 
gel mould. Any air bubbles were rem oved and a 30 well com b was inserted into the gel.
In about one and ha lf hours, when the gel had com pletely cooled and solidified, 
it was placed into a m axi-gel (Pharm acia LKB) bath containing 1 x TBE buffer. 2 1 of 
electrophoresis buffer was enough to cover the gel surface to  a depth o f 1-2 mm. The 
comb was carefully rem oved and ensured that no air bubbles rem ained in the wells. For 
gel loading the restricted DNA sam ples were mixed with 2 jal aliquots of lOx tracking 
dye (0.1% bromophenol blue, 40% Ficoll) and .spun briefly to  concentrate the sample at 
the bottom of the tube. The samples were then loaded into the gel and a suitable size 
marker (^-Hind III) also loaded on either side o f  the gel. A fter that the gel was run at 
1.5 V cm ' for 14-16 h until the brom ophenol blue front had migrated down to the end 
of the gel. This running tim e allowed all the fragm ents less than 1.0 kb to migrate out of 
the gel. At the end o f electrophoresis, the gel was stained with 0.5 |ig  ml ' ethidium 
bromide for 15-20 mins. The stained gel w as placed on a long wavelength UV 
transilluminator (UVP) and visualised to ensure complete digestion. The marker band 
positions were measured and the gel photographed using a Polaroid camera.
2.2.17.2 Southern transfer of restricted DNA
Southern transfer of restricted DNA to a non-charged mem brane was carried out 
hy using alkaline vacuum blotting (Vacu G ene™ , Pharm acia LKB). This blotting 
system works with a low vacuum pressure during transfer o f nucleic acids from agarose 
gel to a transfer membrane. It is a rapid DNA transfer m ethod and could be completed 
in a maximum of two hrs.
A 20 X 20 cm non-charged nylon m em brane (H ybond-N , Sartorious Ltd), pre- 
wctted with deionised water, was placed on the pre-wetted porous screen with the shiny
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side up. A plastic m ask w ith an opening slightly sm aller than the m em brane was placed 
on the membrane in such a way that it overlapped each side o f the m em brane by 
approximately 5 mm. A ny air bubbles under the m em brane w ere rem oved. The frame 
was placed on top o f the unit and tightened using the four locking clam ps. The gel was 
then placed on the m em brane starting with one o f its edges and then gradually sliding it 
onto the membrane. A ny trapped air bubbles were rem oved carefully by pressing the gel 
with a gloved finger. It is very im portant to m ake sure that the gel and the mask 
overlapped by at least 2 m m . After placing the gel the pum p was turned on and a 
sufficient amount o f 0.2 N HCl solution poured on to  the center o f the gel ju st to cover 
it. This acid depurination step is u.sed to reduce the size o f the fragm ents as small 
fragment transfer m ore easily. Besides this, acid/alkaline exposure m akes the gel 
stronger and m inim ises any collapse during transfer. This acid depurination .step should 
be carried out for about 20-25 mins until the brom ophenol blue turned yellow. At this 
point the entire acid solu tion  is pipetted out and one litre o f  0.4 M NaOH .solution 
poured onto the center o f  the gel and left for 60-75 mins. This dénaturation step was 
employed to produce single stranded DNA that w ould hybridise with the probe. At the 
end of the dénaturation step , the NaOH solution w as poured off, the pum p turned off, 
the wells marked on the m em brane and the gel rem oved. T he m em brane w as then 
transferred to a tray contain ing  500 ml o f 2 x S tandard Saline C itrate (SSC) solution and 
washed lor about 10 m ins to  eliminate any agarose. The m em brane was then air dried 
tor .^ 0 mins, placed betw een two sheets o f 3 mm filter paper and incubated at 80 “C for 
2 hrs. Finally the incubated membrane was kept in a clean dry place until needed for 
hybridisation.
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2.2.17-3 Hybridisation of Southern blot membrane with Non-I.sotopic 
Chemiluminescent Enhanced (NICE^"^) Probe (33.15)
The hybridisation of transferred single stranded DNA fragments with the 
NICE™ probe 33.15 (Cellmark Diagnostics) was carried ou t in four steps : pre-washing, 
pre-hybridisation, hybridisation and post-hybridisation washing.
2.2.17.3.1 Pre-washing
The membrane was wetted w ith 250 ml o f 1 x SSC  solution in a tray and then 
placed into a hybridi.sation canister with the DNA side inwards. 50 ml o f pre-wash 
solution (0.1 X SSC, 0.5% SDS), pre-warm ed at 65 °C, w as added to the canister and 
any trapped air bubbles squeezed out by rolling a pipette along the canister walls. The 
canister with the membrane was placed in a hybridiser (H B -1, TechNe) and left for 1 h 
at 65 "C. The purpose o f pre-w ashing is to rem ove agarose and other particles stuck to 
the membrane which might be caused unwanted background during hybridisation.
2.2.17.3.2 Pre-hybridisation
Following pre-washing the canister was rem oved from the hybridiser and the 
pre-washing solution poured off. 50 ml of pre-hybridisation buffer (990 ml 1 ' o f 0.5 M 
Na:HP0 4 , pH 7.2 adjusted with concentrated phosphoric acid; 10 ml l ' o f 10% SDS) 
was added to the canister and placed back into the hybridiser. This step lasted for 20 
mins at 50 '’C.
2.2.17.3.3 Hyhridi.sation
For hybridisation 20 ml o f prc-warmcd (50 “C) hybridisation buffer (prepared by 
mixing 900 ml 1 ' o f pre-hybridisation buffer and 100 ml l ' o f 10% w/v casein solution)
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was prepared in a sterile universal (BDH) and placed in a water bath at 50 °C. Just 
before replacing the pre-hybridisation buffer by hybridisation buffer, 5 p i o f NICE™  
probe 33.15 was added to  the universal containing hybridisation buffer, m ixed 
homogeneously by inverting  the universal several tim es and then poured into the 
canister. The hybridisation continued for 20 m ins at 50 °C.
2.2.17.3.4 Post-hybridisation washing
Two wash solutions were used. Firstly 50 ml o f w ash solution 1 (160 ml l ' o f 
0.5 M Na2 HP0 4 , pH 7.2; 10 ml l ' o f 10% SDS), pre-w arm ed at 50 °C, was placed in the 
canister and the hybridised m em brane washed for 10 m ins at 50 °C. This was repeated 
with fresh wash solution 1. At the end o f first w ashing the w ash solution 1 was poured 
off and 50 ml of wash so lu tion  2 (13.8 g l '  o f m aleic acid, C 4 H,i0 4 Na; 8.7 g f '  o f NaCl, 
pH 7.2) was used for 5 m ins at room tem perature and was repeated.
The membrane w as then rem oved from the canister and placed with DNA side 
up on a clean glass plate. Approxim ately 3-4 ml o f Lum i Phos™  350 (Cellm ark 
Diagnostics) was sprayed o v er the w hole m em brane using a spray gun (BDH) in such a 
way that the membrane d id  not becom e oversaturated. The sprayed m em brane was then 
sandwiched between tw o 2 1 x 2 1  cm  acetate sheets and any excess Lumi Phos™  350 
squeezed out, avoiding contam inating  the outer surface o f the acetates.
2.2.17.4 Autoradiography
The sandwiched m em brane along with the acetates was trim m ed to give an 
appropriate size for p lacing it into a 18 x 24 cm  light p roof Hypercassette. Small pieces 
ot sticky tape were p laced  along each edge o f the m em brane to keep the 
membrane/acetate sandw ich secured. A sheet o f  autoradiography film  (Hyperfilm -
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Amersham) was laid on the membrane in a dark room  and the cassette closed 
firmly. The cassette was then kept in an incubator at 30 °C for at least 6  hrs with the first 
film and then developed. A second exposure to another sheets o f  film was made for 12 
h rs .  In the dark room  the exposed films were developed with continuous agitation in 
D19 developer (Kodak) until most of the bands were visible. The film was then 
transferred to X -ray fixer (Kodak) for 1-2 mins followed by washing with running tap 
water for 15-20 mins. The autoradiograph was air dried com pletely and kept in an 
envelope. As the activity o f the chem ilum inescence continues for 5 days another film, if 
required, could be expo.sed with a longer exposure time.
In most cases 0.7% agarose gel w as used to produce DNA fingerprints. Some 
other higher agarose concentrations were also used to observe variations o f resolution of 
the restricted DNA fragments in different agarose concentrations. Fingerprints produced 
from 0 .7 % agarose gel showed that it can make clear resolution o f the high m olecular 
weight DNA fragm ents and provide sufficient information for identifying gynogenetic, 
androgenetic and clonal fish. It is also very convenient to handle and transfer DNA from 
0.7% gel to a membrane. However this concentration can not produce a good resolution 
of the small DNA fragments. A com paratively clear resolution of the small fragments 
may be obtained from  higher concentrations of agarose (Figure 2.8).
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2.3 Results
2.3.1 Production of gynogenetic inbred lines
Figure 2.9 diagram m atically shows the female broods which were involved in 
the production o f gynogenetic clones. In the production o f  meiotic and mitotic 
gynogenetics, the inactivation of sperm by UV irradiation was successful. The intensity 
of UV light used com pletely destroyed the sperm DNA. All U V  control batches showed 
a sharp reduction in em bryonic survival from the pigm entation stage and they were 
usually all dead in the period between hatching and yolk-sac resorption. Haploid fry 
display a typical syndrom e, a twisted body with an enlarged pericardium. In contrast, 
the diploid control batches o f  eggs always showed high percentage o f survival and only 
very rarely had deform ities. The chromosome study of haploids, diploid gynogens and 
controls also confirm ed successful UV irradiation of sperm. A  single set (n=22) and 
double sets (n=44) o f chrom osom es were found in haploid  and diploid embryos 
respectively (Figure 2.10 and Figure 2.11).
The use o f heat shock at the different developm ental stages o f eggs to induce 
diploid gynogenesis was successful. The karyological analysis of meiotic and mitotic 
gynogenetics (Figure 2.11) showed an appropriate treatment applied for retention of the 
second polar body in m eiotic gynogenetics and for suppression of first cleavage in 
mitotic gynogenetics.
The survival percentages at pigm entation and yolk-sac resorption stages o f 
normal controls, meiotic and mitotic gynogenetics are pre.sented in Table 2.2. The 
survival rate o f controls, m eiogynes and mitogynes at pigm entation stage showed much 
ditierence from their respective yolk-sac re.sorption stage. Even between the 
experiments a wide range in survival for all the groups in both  pigmentation and yolk- 
sac resorption stages was found. The survival rates of m eiogynes and mitogynes at both 
pigmentation and yolk-sac re.sorption stages w ere significantly lower (P<0.03) than 
controls. A significant drop in survivals between pigm entation and yolk-sac resorption 
stages were found in all fish groups by an overall survival control>m eiogyne>m itogyne. 
This survival variation m ight be due to quality o f  eggs produced by different females
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S u rviva ls  ( % )  o f  con tro ls, m e io gyn e s and m itogynes o f  O. n ilo ticu s  at p igm en tation  (P )  and y o lk -s a c  
in Hiffnrent e xperim ents
Table  2.2 v  / ---------------------- - --------- o ,--
resorption (Y S R )  stages i  differ t ri t
No. of 
expt.
Ordinary Control Meiogyne M ilogyne
?
p Y S R p Y S R p Y S R
0 l0  829.‘i.S2" 90.0 77.27 73.83 .33.02 20.61 9.16
T (KX) (X).-; .S92 92.78 53 61 .36.62 17.65 60.0 2.86
3 (XX) 11.8 623 59.03 50.0 24 14 9.77 4.42 1.26
4 (X)9 120.347'’ 90.16 79.37 60.94 18.75 7.13 0.76
5 (XX) 770 303" 91.67 72.22 81 16 55.07 29.29 10.24
6 (XX) 112 323" 89.26 68.46 76.67 .32.5 28.64 5.10
7 (XX) 86.3 347 90.09 77.48 41.03 26.92 22.10 7.26
8 (XX) 292 .357 54.76 19.84 28.92 8.43 3.21 0.96
9 (XX) 367 .361 86.55 69.7.3 66.67 35.90 19.07 I 48
Mean ± S.E 82.70 ±  4.92* 63.11 ±6.4 1* * 56.66 ±  6 96* 30.89 ±  6..30** 21.61 ± 5 .8 1 * 4.34 ±  1.24**
Mean (R T C ) ±  S.E. 68.51 ±  5.92 48.95 ± 7 .3 5 26.13 ±  6.06 6.88 ±  1.53
Superscript le tter s  in d ic a te  m o th e r s  o f  m i t o t ic  f e m a le s  w ith  id e n t ic a l  s u p e r s c r ip t  le tte r s  in  T a b le  2 .3 .  
RTC- rela tiv e  to  c o n tr o l
The con tro l, m e io g y n e  a n d  m it o g y n e  p r o g e n ie s  w e r e  p r o d u c e d  fr o m  a ll f e m a le s  in  a  s in g le  b r e e d in g .  
* S ig n ifica n t at P < 0 .()5  
** S ig n ifica n t at P < 0 .0 5
which also depends on ovulation, physiological condition o f fish and system  w ater 
quality as well.
2.3.2 Production of inbred clone.s
In order to fulfil one o f the main objectives o f  this thesis, inbred clones were 
produced from mature m itotic fem ales which were different from each other for m ajor 
histocompatibility com plex (M H C) genes. The procedures for determ ining M HC 
genotypes in mitogyne fem ales are de.scribed in C hapter 3.
Thirteen inbred clonal lines were produced. Some o f  them were sibling clones, 
that is, clonal lines were produced from  two or more sister m itogynes (Figure 2.9). Data 
on survival rates at pigm entation and yolk-sac resorption stages from different clone
7 7
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production experim ents are presented in Table 2.3. The mean survival rates of inbred 
clones at the pigm entation and yolk-sac absorption stages were 28.67 ± 5.15% and 9.62 
± 2 .7 7 % respectively but there was wide variation in survival rates of clones in both 
development stages between the experim ents. The mean survival rates of clones at both 
pigmentation and yolk-sac resorption stages were significantly different (P<0.05) from 
controls.
T a b le  2 .3  S u r v iv a ls  (% ) o f  c o n tr o ls  a n d  g y n o g e n e t ic  in b red  c lo n e s  o f  O. n ilo tic u s  at p ig m e n ta t io n  
(P ) an d  y o lk - s a c  r e s o r p t io n  ( Y S R )  s ta g e s  in  d if fe r e n t  e x p e r im e n ts
Mitotic females tag no. Control Clone
p Y S R P Y S R
OIO.SÓI .S49‘ 60.19 10.19 23.18 0.52
010 80.S 6.18" 31.5 6± 0.19 14.94 ±  2..S2 10.98 ±  1.38 1.87 ±  0.4.3
OlOO.tO 092" 70.1.S±8.11 42.49 ±  10.40 43.01 ±  11.07 8.01 ± 4 .38
001 019.t20" 14.4±  1.31 8.65 ±  0.86 7 .3 2 ±  1 10 1.41 ± 0 .6 9
(X)9 356 316"' 9.S.26 ±  2.37 68 .39 ±3.21 19.38 ± 8 .9 8 3.97 ±  2.29
(K)9 864 016'-' 36.88 ±  8.94 23.86 ±  8.66 7.49 ± 3 .3 0 2.11 ± 0  81
009 819 . W 81.88 ± 3 .8 6 .33.79 ±6..S3 59.94 ±  4.65 21.02 ±  2.54
009 .480 2.S6“ 40.93 31.16 39.81 10.26
(X)9 823 379‘ 72..S.S ±  2.4.S 44.9 ±  2 .60 36.12 ± 3  .09 23.53 ±  3.15
(K)l 354 550" 78.26 49 13 63.65 32.53
(XX) 886 064'' 61.79 24.39 17.0 4.19
(K)2 046 539 66..S0± I.S.22 44.60 ±  16 .39 24.79 ±  18.42 10.32 ± 2 .7 5
(K)2 041 887 83.92 ± 0  22 64 63 ±  2.9.3 19.90 ±  112 5.36 ±  1.69
M c a n ± S .E . 6 1 .1 0 ±  6.36* 37.01 ±  5.49»* 28.67 ±  .3.IS* 9.62 ±  2.77**
M e a n (R T C )± S  E 46.92 ±  6.83 25.99 ± 5.26
S u p erscr ip t le tte r s  in d ic a te  m ito t ic  f e m a le s  p r o d u c e d  fr o m  n o r m a l f e m a le s  w ith  id e n t ic a l  
su p erscr ip t le tte r s  in  T a b le  2 .2
* S ig n if ic a n t  at P < 0 .0 5  
** S ig n if ic a n t  at P < ().()5
7 8
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2.3.3 Verification of inbred and clonal lines by allozyme and DNA fingerprinting
In meiotic gynogenetics the retention o f the second polar body using early heat 
shock produces a proportion o f heterozygous diploids depending on the rate of 
recombination between non-sister chrom atids during the first m eiotic division (Hussain 
et cil., 1994a; Purdom, 1969; Nace et a l ,  1970). Genes distal to the centrom ere are much 
more likely to remain heterozygous. In contrast, the late heat shock used for suppression 
of first cleavage produces fully hom ozygous diploids through replication o f a haploid 
chromosome set.
All of the methods used for verification confirm ed success in the production of 
meiotic gynogenetics, m itotic gynogenetics, androgens and their clones. The occurrence 
of heterozygosity in m eiogynes and hom ozygosity in mitogynes w as observed w hen they 
were screened by the isozym e locus A D A *  and by m ultilocus D N A  fingerprinting. The 
genotypes at the AD A*  locus in three different progeny groups derived from a 
homozygous female are show n in Figure 2.12 and Figure 2.13. Figure 2.12 show s that
O
M it o g y n e s M e io g y n e C o n tr o ls
f ig u r e  2 .1 2  .Starch g e l s h o w in g  t h e / t / M *  b a n d in g  p a tte rn  o f  m c io t ic  g y n o g c n c t i c .  m ito t ic  g y n o g c n e t ic  
and d ip lo id  c o n tr o l p r o g e n y  g r o u p s  d e r iv e d  fr o m  a  h o m o z y g o u s  f e m a le  o f  O. n i lo t ic u s
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M ito g y n e s M e io g y n e s C o n tr o ls
Figure 2 .1 3  S ta rch  g e l  s h o w in g  th e  A D A *  b a n d in g  p a tte rn s  o f  m e io t ic  g y n o g e n e t ic ,  m ito t ic  g y n o g e n e t ic  
and d ip lo id  c o n tr o l  p r o g e n y  g r o u p s  p r o d u c e d  fr o m  a h e te r o z y g o u s  f e m a le  o f  O. n ilo tic u s
in this case both parents were homozygous for ADA* locus but for different alleles. All 
meiotic and mitotic gynogenetics have the same alleles as their homozygous mother. 
On the other hand, all control siblings have two alleles and are heterozygous. Figure
2.1.3 shows the m aternal heterozygosity and paternal homozygosity for AD A*  locus. The 
mitogynes were hom ozygous for one or other o f the maternal alleles, while the 
meiogynes have both maternal alleles. All control offspring have one common allele 
from their hom ozygous father but the other allele came from either o f the two maternal 
alleles and thus m ake them homozygous or heterozygous. No paternal alleles were 
found in any o f the gynogenetic groups, suggesting the UV treatment of milt was 
successful.
In the case o f  androgenesis all diploid androgens showed blond colouration as 
their blond father w hich primarily confirmed the success o f the androgenetic techniques 
used. The karyological analysis o f haploid and diploid androgens showed a single set 
and double set o f chrom osom es respectively as gynogens in Figure 2.10 and Figure 2.11.
The m ultilocus DNA fingerprinting was generated by using Jeffreys 33.15 probe 
w hich is com posed o f  short, G-C rich tandem repeat sequences. This probe hybridised to 
the complementary .sequences at many polym orphic loci yielded a complex pattern of 
DNA profile. Figure 2.14 showed that all meiogynes and mitogynes have only maternal
■80
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F igure 2 .1 4  D N A  fin g er p r in t p a t t e r n s  o f  t i la p ia , O. n i lo t ic u s ,  g e n e r a te d  w ith  J e f fr e y s  3 3 .1 5  p r o b e .
K eys : L a n e s  1 an d  21 — m o th e r , l a n e s  2  an d  2 2  — fa th er, la n e s  3 - 1 0  -  m ito t ic  g y n o g e n s ,  la n e s  1 1 -1 4  
-  m e io tic  g y n o g e n s ,  la n e s  1 5 -2 0  — c o n tr o ls .  3 . - H i n d  III m a r k e r  fr a g m e n ts  (k b )  are  p o s i t io n e d  at b o th  
sid es. B a n d s  m ark ed  a, b , c  an d  d  a r e  re ferred  to  in  th e  te x t .
bunds and there were no paternal specific bands in any o f the gynogenetic offspring 
groups. The analysis of segregation o f the m aternal bands across the meiogynes and 
mitogynes shows that there a re  some bands, for exam ple, a and b w hich are present in 
all four meiogynes but not in  all mitogynes. T he segregation o f these m aternal bands 
might indicate the hom ozygosity of the m itogyncs for one or other o f  the maternal 
alleles. On the other hand, the maternal bands c and d are not present in all the 
mitogynes as well as in a ll the meiogynes w hich shows the dissim ilarity  in the
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segregation pattern o f  c and d bands with the segregation o f  a and b. Therefore, it can be 
suggested that m ultilocus DNA fingerprinting is useful to  evaluate the success of 
gynogenesis, but it can not be effectively used to distinguish between meiogynes and 
mitogynes.
The inbred clones produced from mitotic female using subsequent gynogenesis 
w e r e  expected to show no genetic differences between cloned individuals. Figure 2.15
0 ^ 9 CLONES 9 CONTKOLS
1 2 3 4 S 6 7 8 9 10 11 12 13 14 15 16 17 1819 20 21 22
kb
?31-
4 4 -
4 .  ¿ 4 8 «
kb
-4.4
2  3 -
2 0 -
-2 .3
- 2.0
4 A ^ 1 1
f ig u r e  2 .1 5  D N A  fin g e r p r in t  p a tte rn s  o f  g y n o g e n e t ic  c lo n e d  t i la p ia  p r o d u c e d  fro m  a 
m ito tic  g y n o g e n e t ic  m o th e r  o f  O. n i lo t ic u s ,  g e n e r a te d  w ith  J e f f r e y s  3 .1 .15  p r o b e .
K eys : L a n e s  1 a n d  16  — u n r e la te d  c o n tr o l ,  la n e s  2  a n d  15 -  fa th e r ,  la n e s  3  a n d  14 -  
m ito tic  g y n o g e n e t ic  m o th e r ,  la n e s  4  - 1 3  -  c lo n e s  a n d  la n e s  1 7 - 2 2  -  c o n tr o ls .  M ark er  
tru gm en ts  (k b )  a s  in F ig u r e  2 .1 4
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a n d  Figure 2.16 showed th a t all o f the cloned offspring and their mitotic m other were 
id e n t ic a l  and they were com pletely free from paternal inheritance. Another set o f DNA 
p ro f i le s  of inbred clones which were produced from  androgenetic inbred female is 
p r e s e n te d  in Fig. 2.17. T he  inbred clones were produced from the androgenetic female
C lo n e s C o n tr o ls
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23.1
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2.3
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Figure 2 .1 6  D N A  f in g e r p r in t  p a tte rn s  o f  g y n o g e n e t ic  c lo n e d  t ilu p iu  p r o d u c e d  fr o m  a  m it o t ic  m o th e r  
(K)2 0 4 6  .539 o f  O . n i lo t ic u s ,  g e n e r a te d  w ith  J e f fr e y s  3 3 .1 5  p r o b e
K eys : L a n es  I a n d  18- u n r e la te d  c o n tr o l ,  la n e  2 -  g r a n d  fa th e r ,  la n e  3 -  g r a n d  m o th e r , l a n e s  4  a n d  17 - 
lath er, la n es  5  an d  16- m o t h e r ,  la n e s  6 - 1 5 -  c lo n e s ,  la n e s  1 9 - 2 3 -  c o n tr o ls .  M a rk er  fr a g m e n t s  (k b )  a s  in  
F'igure 2 .1 4
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F ig u re  2 .1 7  D N A  fiin g e r p r in t  p a tte rn s  o f  c lo n e s  p r o d u c e d  fro m  an  a n d r o g e n e t ic  in b red  
fe m a le  ( X X )  o f  O. n i lo t ic u s ,  g e n e r a te d  w ith  J e f fr e y s  3 3 .1 5  p r o b e
K e y s  : L a n e s  I an d  1 6  — u n re la te d  c o n tr o l ,  la n e s  2  an d  10  -  fa th e r , la n e s  3 an d  9  -  
m o th er , la n e s  4 - 8  -  c lo n e s ,  la n e s  I 1 -1 5  -  c o n tr o ls .  M a rk er  fr a g m e n ts  (k b )  a s  in F ig u r e  
2 .1 4
(XX) by meiotic gynogenesis and were fingerprinted with the 33.15 probe. The 
tingerprint revealed that all o f the bands in clonal individuals are identical to their 
androgenctic m other and none o f the clones have any paternal bands. In the case o f 
heterozygous or outbred clones, the fingerprint showed that all individuals were
—  8 4
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identical and shared  all bands from both parents as expected by M endelian inheritance 
(Figure 2.18). B esides gynogenetic clones, androgenetic clones were also produced from
0 ^ 9 91 2 3  4  5 « 7 8  » 1 0 « J « 1 3 1 4  1 5 i e
k b kb
2 3 1 - -2 3 1
9 4 - - 9 .4
6  6 - -6 «
4 4 -4 .4
« 1
2 3 -  m
2 0 -  • *
f ig u r e  2 .1 8  D N A  f in g e r p r in t  pattern .s o f  g y n o g e n e t ic  h e t e r o z y g o u s  c lo n e d  t ila p ia . O . n ilo t ic u s ,  
generated  w ith  J e f f r e y s  3 3 .1 5  p r o b e
K eys : L an es  1 a n d  16  — u n r e la te d  c o n tr o l ,  la n e s  2  an d  15 — fa th e r , la n e s  3  a n d  14 — m o th e r ,  la n e s  4 - 13 
-  c lo n e s . M a rk er  fr a g m e n ts  (k b )  a s  in F ig u r e  2 .1 4
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androgenetic males by further androgenesis. The fingerprinting o f androgenetic clones 
showed that all the clonal offspring were identical to their androgenetic father and  no 
maternal inheritance was found in such offspring (Figure 2.19).
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I'igure 2 .1 9  I 3 N A  f in g e r p r in t  p a ttern s o f  d if fe r e n t  a n d r o g e n e t ic  c lo n e d  tila p iu , O. n ilo lic ii.w  
g en era ted  w ith  J e f fr e y s  3 3 .1 5  pritb e.
K ey s  : I .a n e s  1 an d  19 — u n r e la te d  c o n tr o l ,  la n e s  4  - 9  — c lo n e s  p r o d u c e d  fro m  m o th er  in  la n e  2 
and a n d r o g e n c t ic  fa th er  in  la n e  .3, la n e  12 — c h in e  p r o d u c e d  fr o m  m o th er  in la n e  1 0  a n d  
a n d ro g e n e tic  fa th e r  in la n e  11 , c lo n e  in  la n e  15 p r o d u c e d  fr o m  m o th e r  in  la n e  13  a n d  
a n d ro g e n e tic  fa th e r  in la n e  1 4 , an d  c lo n e  in  la n e  18  p r o d u c e d  fr o m  m o th e r  in la n e  Ifi a n d  
a n d ro g e n e tic  fa th e r  in la n e  17 . M a k er  fr a g m e n ts  ( k b )  a s  in F ig u r e  2 .1 4
•8 h
____________________________________________________________________________________________________________  C h a p ter  II
2.3.4 Sex ratios o f inbred and clonal lines
Sex ratio data obtained from diploid control, m eiogyne and m itogyne groups are 
presented in Table 2.4. Four experim ents were carried out and the fishes from  all groups 
were sexed at 12-16 weeks o f  age. In the second, th ird  and fourth experim ents, both 
meiogynes and m itogynes show ed higher num ber o f  female progeny, which were 
significantly different (P<0.05) from 1:1 sex ratio. Sex ratios o f controls in the second 
and third experim ents were also significantly different (P<0.05) from 1:1. Sex ratios o f 
meiogynes and m itogynes in the first experiment did not show significant difference and 
33.33 - 35.48%  males were found in the two groups.
T a b ic  2 .4  S e x  r a tio s  in  d ip lo id  c o n tr o ls ,  m e io t ic  a n d  m ito t ic  g y n o g e n e t i c s  o f  O. n i lo t ic u s .  F is h  fr o m  a ll  
the g rou p s w e r e  s e x e d  at 1 2 - 1 6  w e e k s  o f  a g e  u s in g  g o n a d  s q u a s h in g  an d  a c e to -c a r m in e  s ta in in g  (G u e r r e r o  
and S h e lto n , 1 9 7 4 )
Expl Ordinary Ordinary Meiogyne Milogyne Diploid control
?
d ’ ? % ? % ? % o
1 010 S29 552 (HX).t62 121 20 10 33.33 20 11 35.48 18 14 43.75
■> (K)9 120 547 (XX) Í6 2  121 28 0 ()** 2.S 3 10.71** 12 27 69 23*
(M K )112 323 (XX) .^62 121 26 2 7.14** 9 3 25.(X)** 12 25 67..S7*
4 (KK) 367 361 (K X )362 121 24 2 7.69* 20 2 9.09* 12 15 55 56
‘ S ig n if ic a n t ly  d if fe r e n t  f r o m  I : I s e x  r a tio  at P< ().()5
S ig n if ic a n t ly  d if fe r e n t  fr o m  1:1 a n d  r e s p e c t iv e  c o n tr o l  s e x  r a t io s  at P < ().()5
Table 2.5 show s the sex ratio of mitotic gynogenetics in different experim ents. 
Eight separate experim ents were conducted. All the experim ents produced at least som e 
proportion of males and some o f  these experim ents had surprisingly higher proportion 
(40-50%) of males. On the o ther hand, the proportion o f females was higher in most
« 7
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T a b le  2 . 6  S e x  r a tio s  o f  in b re d  c lo n e s  p r o d u c e d  b y  m e io t ic  g y n o g e n e s i s  fr o m  m ito t ic  g y n o g e n e t ic  
fe m a le s  o f  O  n ilo tic u s .  F ish  w e r e  s e x e d  at th e  a g e  o f  14 w e e k s .
Expt. Mitotic Ordinary Clone Diploid control
No
$ o ' ? % ? %
I (X)9 819 .847 000 362 121 50 0 0** 16 15
48.39
•> 001 354 550 000.362 121 31 0 ^ 0** 26 4 13.33**
3 009.3.56.316 0(X)362 121 36 0 0** 21 15
41.67
4 010 036 092 000 362 121 42 0 0** 14 11
44.00
5 (X)2 (M6 539 000 362 121 18 6 25* 15 31 67.39*
■ Significanlly different from 1:1 sex ratio at P<O.O.S 
>• Significantly different from 1:1 sex ratio at P<O.OI
2.3.5 Neomale.s and progeny testing
Neomales were produced from gynogenetic cloned fry by feeding with 
methyltestosterone treated diet. The neomales were used to produce heterozygous or 
outbred clones.
The outbred clones w ere produced by crossing neom ales with m itotic females 
where they represent two different lines. Diploid controls were also produced by 
crossing between neomales and an ordinary female. Five different neom ales were used 
in outbred clone production as well as ordinary controls. Fish from both groups were 
sexed and the observed sex ratios were presented in Table 2.7. All fish in both groups 
were 100% female which were significantly different (P<0.01) from 1:1 sex ratio. The 
sex results demonstrated absolute success o f sex reversal experim ents. Here the 
experiments with ordinary controls can be considered as progeny testing o f  neomales 
(XX). One androgenetic cloned male (YY) was crossed w ith a mitotic and an ordinary 
lemale. Both crosses produced 100% male which was significantly different (P<0.05) 
trom 1:1 sex ratio.
8 y
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T a b le  2 .7  R e su lts  o f  s e x  r a t io s  in  o u tb r e d  c lo n e s .  T h e  o u tb r ed  c lo n e s  w e re  p r o d u c e d  b y  c r o s s i n g  b e tw e e n  
n eo m a les  ( X X )  an d  m ito t ic  f e m a le s  fr o m  d if fe r e n t  in b re d  lin e s  o f  O. n ilo tic u s .  T h e  la st g r o u p  o f  o u tb red  
clon es  w a s  p r o d u c e d  b y  c r o s s in g  b e tw e e n  a  m ito t ic  f e m a le  an d  an  a n d r o g e n e tic  c lo n e d  m a l e  (Y Y ) .  For  
control g r o u p s  e a c h  m a le  w a s  s e p a r a te ly  c r o s s e d  w ith  an  o r d in a r y  fe m a le . F ish  w e r e  s e x e d  a t  the a g e  o f  
16 w e e k s
fag no. of 
Neomales
Mitotic Outbred clones Ordinary Diploid control
? % $ ? %
(K)6 .'<.18 797 
(XX)
009 821 179 56 0 0** 01 1 020 109 16 0 0**
(KW 35.1 S44 
(XX)
010 0.16 092 6.1 0 011 020 109 41 0 0**
009 78.1 894 
IX X )
(K)9 356 316 43 0 0** 0 1 1 020 109 39 0 0**
014 526 044 
(X X )
(K)9 1.16 116 47 0 ()** 011 020 109 17 0 ()**
(KX) 292 -lO.S 
(Y Y )
009  356 316 0 12 I00*f 011 020 109 0 40 100**
*♦ S ig n if ic a n t ly  d if fe r e n t  f r o m  1:1 s e x  r a t io  at P<().O I
Table 2.8 shows progeny testing results of neomales (XX) orig inating  from a 
mitotic mother 002 046 539 w hich produced .some proportion o f males in  her clonal 
line. All the neomales produced around 50% male progeny through crossing  with an 
apparently ordinary fem ale 1 1C and the sex ratios were not significantly d ifferent from 
1:1 ratio. These neom ales also produced 100% female when they were crossed  with an 
another female 005 276 046. How ever, any maternal effects on male production were 
checked by backcrossing the neom ales with their mother. The backcrosses produced 
more than 50% males and the sex ratios were not significantly different from  1; 1 except 
one group. The crosses o f  these neom ales with both female 1 1C and the m ito tic  mother 
produced high proportions o f m ales, but statistical analysis showed that the latter 
crosses had a significantly higher (P<0.05) proportion of males than the crosses with 
female 11C. Although the neom ales produced both sexes in the above two crosses they
•90
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2.4 Discussion
Since the present study mainly focused on the production o f inbred lines and 
their clones and their use in im m une response experim ents, more em phasis was given to 
their production rather than standardisation o f UV irradiation, intensity and timing of 
heat shock treatments. G ynogenesis and androgenesis were carried out by following the 
procedures described by Hussain et al. (1993) and Myers et al. (1995) respectively. In 
this study, UV do.se and its treatm ent time were effective in the production of 
gynogenetics and androgenetics, and their clones. In gynogenesis, the U V  dose o f 250- 
265 pW cm  “ for 2 m ins caused com plete breakdown of sperm ’s DNA, although the UV 
dose was lower than 300-310 pW  cm ^ used for tilapia sperm irradiation (Hussain et al., 
1993). A lthough both ranges o f UV doses were effective for com plete inactivation of 
sperms DNA, the low er dose yielded com paratively higher percentage o f mitogynes 
(6.88%) than the higher do.se (2%). The successful inactivation o f sperm  using UV light 
of 250-265 pW  cm'^ indicates that O. niloticus sperm atozoa can be inactivated by a 
lower UV dose than the above reported dose o f 300-310 pW  cm ’. In fact, the UV dose 
used in this study was not standardised through a series o f dose trials. Primarily, the 
higher U V  dose (300-310 pW  c m ’) was used to inactivate sperm ’s DNA but it 
produced less fertilisation o f eggs which might be resulted from the inability of 
fertilisation of severely damaged sperm s caused by higher UV dose. The UV dose was 
reduced from 300-310 pW  cm ’ to 250-265 pW  cm ’ ba.sed on di.scussion with Dr Jim 
Myers (W ho was working on gynogcncsis and androgenesis o f tilapia in the same 
Reproduction and G enetics laboratories).
In androgenesis, UV treatm ent was also effective for com plete disruption o f the 
egg nuclear DNA. Disruption o f egg DNA was carried out by a UV treatm ent of 4 mins 
at 150 p W  cm ’, although M yers et al. (1995) mentioned that an adm inistration o f UV 
treatments from at least 5 m ins to up to 10 mins at 150 pW  cm ’, total dose 450-9(X) J 
1 1 1 ', was necessary for com plete oocyte denucleation. Bongers et al. (1994) were able to 
produce higher num bers o f  androgenetic haploids (53.9% ), relative to control, in 
common carp, C. carpio  using an optim um  UV dose o f 25(H) J m ’. M asaoka et al.
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(1995) produced androgenetic diploids in loach (M isgum us anguillicaudatus) by 
inactivating the egg genom e using UV irradiation with a dose of 750 J m'^.
Heat treatments applied in the production o f diploid gynogenetics, androgenetics 
and their clones were successful. For m itotic gynogenesis, first cleavage was suppressed 
at 27-29 mins post fertilisation using 42 .0  to 42.5 °C heat shock for 4 mins w hich was 
similar to 42.5 “C for 3 or 4 mins applied at 22 .5-30 mins post fertilisation (M yers et 
ill, 1995) but higher than that reported for mitotic inhibitions in tilapia by H ussain et cil. 
(1993) at 41.0 ± 1 °C for 3.5 mins at 27.5 mins post fertilisation. The heat shock  times 
for the production o f mitogynes were sim ilar in all three studies, but the present study 
gave an average survival o f  6.88%, to yolk-sac resorption relative to control, w here the 
two other previous yields were 2.0% (H ussain et al., 1993) and 10.6% (M yers et al., 
1995) respectively. In O. aureus, the production o f mitotic gynogens w as not 
satisfactory and the induction o f mitotic gynogenesis resulted in lower survival rate with 
a mean of 0.8% to yolk-sac resorption (M air, 1988). The observed survival rate of 
mitogynes in this study was lower than the previous result (10.6%) in the sam e fish 
(Myers el al., 1995) and much low er than other reported fish, e.g. 20% in zebra fish 
(Streisinger et al., 1981), 15.7% in com m on carp (Komen et al., 1991) and 16% in 
rainbow trout (Quillet et al., 1991). The low survival o f mitotic gynogenetic fry in 
different fish species m ight be due to h igher rate o f expression o f recessive deleterious 
and lethal genes in hom ozygous fry w hich might cause their death (Onozato, 1984; Lou 
and Purdom, 1984b; Purdom  et al., 1985; M air et al., 1987) or different sensitivities to 
the treatments u.sed.
In the analysis o f sex frequencies in gynogenetic offspring o f O. niloticus, one of 
the families showed a high percentage o f males in both meiotic and mitotic 
gynogenctics. Fish from other families produced almo.st 100% female sex in m eiogynes 
and mostly females in mitogynes. H ussain et al. (1994a) obtained 7.5% and 47.5% 
males in the meiotic and mitotic gynogenetic progenies o f O. niloticus respectively and 
suggested that an epistatic locus (SD L-2, two alleles, SR  and sr) causing sex reversal 
from lemale to male under hom ozygous condition. Thus a female which is heterozygous
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at this locus (XX SRsr) would be expected to produce non-recombinant hom ozygous 
males (XX srsr) and both non-recom binant and recom binant females (XX SRSR  and XX 
S R s r  respectively) in meiotic gynogenesis and only XX srsr  males and XX SRSR  
females m mitotic gynogenesis. M air et cil. (1991a) observed 4.1% males in m eiogynes 
and 20% males in homozygous mitogynes o f O. niloticus. They suggested that the 
occurrence o f males in gynogens may result from some form o f “natural sex reversal” of 
females and this sex reversal mechanism develops from homozygosity o f  rare 
autosomal, recessive, sex-influencing genes. About 50% male progeny in the m itogynes 
of O. niloticHs was reported by Andreas and Gabriele (1995). Komen (1990) observed 
that the frequency o f mitotic m ales was consistent w ith the ratio o f 1 : 1.34 to male : 
female in the mitotic population o f  com m on carp.
According to Jalabert et al. (1974) and Hopkins (1979), males in O. n ilo ticus  are 
heterogametic (XY) and fem ales are homogam etic (XX), so, in gynogenesis both 
meiotic and mitotic gynogens should be exclusively fem ale (Penman et til., 1987a). In 
the production of m itotic gynogenetics from O. niloticus, M air (1988) observed that a 
certain proportion o f mitogyncs were male, lie  thought that the occurrence ot mitotic 
male might be an output o f a spontaneous sex reversal event controlled by a 
combination of rare autosomal sex modifying loci. In the occurrence o f the male sex in 
the mitotic gynogcnctics o f com m on carp, it was assum ed that the mother o f these males 
was heterozygous for a recessive mutation in a minor sex determ ining gene which in the 
homozygous condition induces a testis or intersex gonad in XX offspring (K om en and 
Richter. 1993).
In the present study, inbred or homozygous clones o f O. niloticus were produced 
in two ways. Firstly, clones were produced from m itotic gynogenetic fem ales using 
lurther gynogencsis, and secondly, by crossing between neomales and their mitotic 
mother. A big difference in mean survival rate at yolk-sac resorption stage was found 
between the two clone production methods used. 9.62%  in the first method and 43.23%  
in the later. The com paratively lower survival o f the inbred clone production by the first 
method might be due to the sensitivity o f the eggs o f  homozygous mitotic fem ales to
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heat shock treatm ent (Hussain, 1992). The m ean survival o f the outbred or heterozygous 
clones at both pigmentation and yolk-sac resorption stages were 45.17% and 35.40% 
respectively. The mean survival rate o f hom ozygous clones at yolk-sac resorption stage 
was apparently higher than that o f  heterozygous clones but not significantly different. 
.■\lthough the survival rate o f the heterozygous clones were less than the hom ozygous 
clones, no abnormal or deform ed fry were found in this clone group. In contrast, some 
abnormal or deform ed fry were nearly always observed in inbred clonal groups, 
especially in the clones produced by the gynogenesis method. The heterozygous clones 
were generally looked more active and their growth performances were better than the 
inbred clones. The superiority o f the outbred clones over the inbred clones m ight be the 
expression o f heterosis resulting from the cross between two different hom ozygous lines 
as has been reported by Cherfas (1981) and Nagy (1987). Streisinger et al. (1981) 
observed better performance o f  hybrid clones in zebrafish, B. rerio, w hich were 
produced by crossing between hom ozygous individuals.
In the present study, both inbred and outbred clonal lines exhibited 1(X)% female 
sex except one inbred line which show ed a considerable percentage (25%) ot male 
progeny. It is not easy to give a definite explanation of the above m entioned 
plienomcnon but there are some possibilities ;
i) if the m other (002 046 539) o f this clonal line is not a mitotic gynogenctic 
homozygous female, she might be an XY lem ale. M eiogyncs Irom this iemale w ould be 
mostly XY males and these m ales would be unlikely to give all tcmalc progeny in any 
progeny testing. However, the nerimales Irom this clonal line produced UX)% lemale 
progeny thix>ugh crossing with a female (K)5 276 046. Aiu>ther mitotie lemale (K)2 041 
887 (she was the sister o f the female (K)2 046 539) also produced males in her clonal 
line. Neomales producetl from this line w hen crossed with an ordinary lemale prt>duced 
all female offspring. So, Ihe findings o f Ihe sibling cK>nes supptnted that both 002 041 
887 and 002 046 539 fish were m itotic females.
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ii) the mitotic m other might have got paternal chrom osom al fragments. The sex 
determining m echanism  should be influenced by this partial paternal inheritance, but 
nothing showed up in fingerprints.
iii) other genetic factors such as natural sex reversal (M air et al„ 1991a) or 
environmental factors might controlling the sex differentiation mechanisms. Streisinger 
et ill. (1981) reported the occurrence o f homozygous gynogenetic cloned males in 
zebrafish and suggested that the variation in sex ratio was not only dependent on 
female’s homo or heterogametic system  but possible autosom al sex determining genes 
o r  environmental effects, like high tem perature (Abucay et al., 1997).
The cross between the neom ales and their mitotic m other is probably between 
identical, completely homozygous individuals. In other sim ilar crosses used to produce 
clonal lines, only females were obtained. If this clonal line was fixed for som ething 
genetic with a .strong effect (e.g. .some “strength” as the X X/XY system) it might expect 
that all o f the progeny would be the same sex (male?). How ever, as this phenom enon is 
not occurred here (also the m other and m ost o f the other fish in the first batch o f clones 
produced by meiotic gynogenesis were female), it .seems likely that the clonal line is 
fixed genetically at some allele or com bination o f alleles at different loci which cause 
greater susceptibility to environm ental effects (= greater instability in sex 
differentiation).
The results o f progeny testing o f other clonal neom ales (XX) revealed their 
absolute performance o f 100% fem ale .sex production (Table 2.7). The sex ratio results 
also indicated the successful reversal o f females to male by the hormone treatment at the 
early fry stage. These neomales are potentially very valuable for aquaculture research, 
especially for mono.sex production. By crossing the neom ales w ith any female (XX), the 
resultant progeny will be all female. Another alternative way to produce monosex fry is 
by using androgenetic cloned m ales (YY). In this .study, com paratively little effort was
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paid to producing androgenetic clones. So far few androgenetic clones have been 
produced and the progeny testing (Table 2.9) o f these clones revealed them  to be 
completely hom ozygous for the sex determ ining locus.
The nature o f  the gynogenetic inbred fish and their clones were verified by using 
the isozyme locus ADA*. The AD A*  banding patterns generated from three groups of 
progeny in a single family (Figure 2.13) show ed that all meiogynes have same a lle les as 
their heterozygous mother and indicated their heterozygosity resulted from 
recombination o f genes distal to the centrom ere. The mitogynes were hom ozygous for 
one or other o f the maternal alleles. No paternal inheritance was found in  any 
individuals of e ither type o f gynogenetic groups. In contrast, the controls w ere all 
heterozygous with alleles from both o f the parents. Sim ilar patterns of band segregation 
in meiotic and m itotic gyneogenetics and controls were also reported by M air (1988) 
and Husssain et al. (1993).
DNA fingerprints presented in this study revealed their potential to interpret 
parental inheritance in both gynogenetic and androgenetic offspring. It has been shown 
that the hypervariable 33.15 DNA probe (Jeffcrys et al., 1985) can be used to produce 
individual-specific DNA fingerprints from  tilapia, 0 . niloticits. The analyses o t the 
fingerprints show ed that individual parental-specific bands are obvious in  their 
subsequent offspring depending on the nature ol their production, but the DNA 
fragments over the whole gel should be categorised into two groups. The fragm ents ol 
4.0 k bp and above could easily be detected, but most of the fragments o f 4.0 k bp  and 
below were very poorly resolved and close to each other, thus m aking them 
indistinguishable. The clustering o f the sm all fragments in the lower portion ot the gel 
may be due to the use o f a lower agaro.se gel concentration (0.7%). Clearer resolution ot 
the small fragments was possible if h igher agarose concentrations (e.g. 2%) w ere  used 
(Figure 2.8). In fact higher agarose concentrations can produce somewhat m ore clear 
resolution of the small fragments but it is not clear enough to detect individual bands. In 
addition to this gels with higher agarose concentration were comparatively harder, 
which may make difficulties during transferring DNA to a membrane.
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G eorges et al. (1988) reported the potential o f DNA fingerprinting for studying 
izvnogenesis in fish. They used four DNA probes to detect individual-specific 
fingerprints in the barbel, Barbus harbus and recognised that different probes produce 
different com plex fingerprints in the same animal. In the present study, the analysis of 
the fingerprints o f gynogenetic offspring along with related diploid controls revealed 
that all of the  bands in meiogynes cam e from mother, but their banding pattern was not 
similar to the ir mother. This is because some o f the maternal bands were segregated in 
the meiogynes. The mitogynes shared bands to their m other but individual-specific for 
their hom ozygosity for their respective maternal alleles. A num ber o f DNA probes are 
now available and each o f them  has potential to produce individual-specific DNA 
profiles. C arter et al. (1991) stated that human m inisatellite probes (pSPT 18.15 and 
pSPT 19.6) can be used successfully to produce fingerprints for analysing gynogenesis 
in tilapia. It can detect the maternal inheritance in the gynogenetic offspring but without 
assigning individual bands to specific loci, successful m itotic gynogenesis can not be 
proved. Harris et al. (1991) observed that the most com m only used DNA probes 33.15 
and 33.6 w ere able to generate individual-specific DNA fingerprints in O. niloticus, but 
more information can be obtained from  fingerprints produced by the 33.6 than by the 
33.15 probe. Gross et al. (1994) produced nest-specific DNA fingeiprints in smallmouth 
bass, M icropterus dolom ieu, by using the 33.15 DNA probe and successfully identified 
smallmouth bass individuals originating from a specific nest in a m ixed population ot 
bass in Lake Ontario.
A nother chem ically synthesised probe “M l3” has also been used and reported in 
different fish. It has been used to produce fingerprints in rainbow trout, Onchorynchus 
mykiss (Fields et al., 1989), in barbel, Barbus barbus (Georges et al., 1988) and in ayu, 
Pleco^lossus altivelis (Han et al., 1992). Vassart et al. (1987) have shown that a specific 
DNA sequence in hactcriophage M13 reveals polym orphic patterns ot restriction 
fragments in human and other anim als that are different from the patterns reported by 
Jeffreys et al. (1985).
-gg
_______________ _________________________________ — -------------------------------------------------------------------------------------------  C h a p t e r  II
DNA fingerprinting has great potential for aquaculture research. A s it can 
produce individual-specific patterns, fingerprinting can be used for identification of 
individuals, construction o f  pedigrees and population genetic studies (H allerm an and 
Beckman, 1988). In addition to producing individual-specific patterns, researchers tried 
to exploit this technique to generate fam ily-specific fingerprints (Gilbert et a l., 1990; 
Wirgin, et al., 1991) w hich can be used to m onitoring families position in a com m on 
population where tagging o r any individual identification is not feasible. T he use of 
DNA fingerprinting in the present study confirm ed the specific nature o f gynogenetics, 
androgenetics and their clones.
I(X)
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3. M ajo r h istocom patib ility  com plex genes an d  evidence fo r  th e ir  o c c u rre n ce  in 
tilapia, O r e o c h r o m is  n i lo t ic u s
3.1 In tro d u c tio n
3.1.1 M a jo r h istocom patib ility  com plex  an d  its func tiona l o rg a n iz a tio n  in 
mammals
M ajor histocom patibility com plex (M HC ) is recognised as an im portant set of 
genes responsible for controlling w hether grafts are accepted between individuals whose 
tissues are genetically sim ilar (histocom patible) or rejected by individuals w hose are not 
(histoincompatible). The M HC contains a set o f genes located together on one 
chromosome as a complex. They encode several series o f families o f polym orphic 
glycoproteins, including two fam ilies o f  m olecules that are expressed at the cell surface, 
the class 1 and class 11 m olecules. These specialised membrane proteins a c t as a 
guidance system that allow T cells to recognise antigen.
3.1.1.1 Structure o f class I and class II  m olecules
Each class 1 molecule consists o f a heavy a  chain, which is noncovalently 
associated with a light chain, the P2 - m icroglobulin (Grey et al., 1973; N akam uro el a!., 
1973). The a  chain is a polym orphic transm em brane glycoprotein of abou t 45 
kilodaltons (KD) encoded by class I M HC loci, whereas the Pi-mit^roglobulin is an 
invariant protein of about 12 KD encoded by another gene located on a separate 
chromosome (reviewed in Ploegh et al., 1981). Although Pi-m icroglobulin is not 
located in the MHC, its association with class 1 molecules is required for the expression 
ot MHC on cell membranes (G oodfellow  et al., 1975; Ploegh et al., 1979 and Rein et
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al., 1987). Recent experim ents suggest that the binding o f a peptide to a class I M HC a  
chain may induce a conform ational change in the molecule, enabling it to associate with 
P2-m icroglobulin and then be transported to the cell membrane.
T he a  chain o f class I MHC molecules is organized into three external dom ains 
( a i , t t2 and « 3 ), each having approxim ately 90 am ino acids, a transm em brane dom ain o f 
about 40 am ino acids and a cytoplasm ic anchor segment o f 30 amino acids. It is 
anchored in  the plasm a membrane by its hydrophobic transm em brane segment and 
hydrophilic cytoplasmic tail. A ccording to size and organization, P2 -m icroglobulin is 
similar to th e  external dom ains o f the a  chain, and its sequence analysis shows that there 
is a considerable hom ology between the dom ain , P2 - m icroglobulin and the constant- 
region dom ains of im m unoglobulins. Class I M HC m olecules and p 2 - m icroglobulin 
are therefore, classified as m em bers o f a im m unoglobulin superfamily ( Kuby, 1997; 
Williams and Barclay, 1988). The « 3  domain appears to be highly conserved am ong 
class 1 M H C  molecules and contains a sequence that is recognised by the C D 8  (cluster 
determinant) T cell mem brane molecule. The p 2 -microglobulin interacts extensively 
with the ot3 domain and also interacts with am ino acids o f the tt | and t t 2 dom ains. The 
interaction o f  P2 -m icroglobulin appears to be necessary for the proper conform ation o f 
the class I M HC m olecules (Kuby, 1997).
T he structure o f cla.ss II M HC molecules is sim ilar to that o f class I m olecules in 
that they are m em brane-bound glycoproteins containing external dom ains, a 
transmembrane segm ent, and a cytoplasm ic anchor segment. Each chain in a class II 
molecule contains tw o external dom ains : a i  and t t 2 dom ains, and Pi and P2  dom ains. 
The m em brane proximal az and P2 dom ain, like the m em brane-proxim al t t 3 dom ain o f
1 0 2
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class I M HC molecules, possess sequence homology to the im m unoglobulin-fold 
domain structure and for that reason, class II MHC molecules are also classified  in the 
immunoglobulin superfamily.
The chrom osom al loci that encode class I and class II MHC m olecules are the 
most polym orphic known in higher vertebrates, i.e. within a given species, there are 
extraordinarily large number o f different alleles at each locus (Klein, 1986; Rothbard 
and Gefter, 1991). In mice, more than 55 alleles have been identified at the K locus and 
60 alleles at the D locus. A com parison o f  the amino acid sequences o f several allelic 
MHC molecules encoded at a single locus reveals a sequence divergence o f  between 5 
and 10%. This degree o f variation is unusually high. The sequence variation  among 
MHC m olecules is not randomly distributed  along the entire polypeptide chain, but 
instead is clustered in short stretches, largely within the a i  and « 2  dom ains o f class 1 
molecules and within the a i  and (i| dom ains o f class II molecules. A  number of 
researchers have suggested that the differences in these polymorphic am ino acids in the 
class 11 MHC molecules expressed on antigen-presenting cells, might influence the 
cells' ability to recognise a given peptide (Kuby, 1997).
3.1.2 Cells involved in the immune system
3.1.2.1 B-lymphocytes
B-lymphocytes express a unique antigen-binding membrane receptor which is 
called the antibody molecule. The antibody molecule is composed o f tw o  identical 
heavy polypeptide chains and two identical light polypeptide chains held together by 
disulfide bonds. The amino-terminal ends o f each heavy and light-chain (V n and V j) 
constitute a variable sequence and form a cleft within which antigen b inds. When a B
lo.t
_____________________________________________________________________________________________________________ C h a p te r  III
cell encounters the antigen for which its m embrane-bound antibody is specific, the cell 
begins to divide rapidly, its progeny differentiate into memory B cells and plasm a cells 
that secrete soluble antibody proteins. M emory B cells have a longer lifespan and 
continue to express mem brane-bound antibody with the same specificity as the original 
parent cell. Plasm a cells do not express m em brane-bound antibody, but secrete 
enormous amounts o f antibody during their short life period.
3.1.2.2 T -lym phocytes
T-lym phocytes express a unique membrane receptor for antigen. The receptor is 
a heterodimer, compo.sed o f two protein chains, either a(3 o r y6, which are linked by 
disulfide bonds. The am ino-term inal ends o f the chains fold together to form the 
antigen-binding cleft o f the T cell receptor.
T cells are o f two types :
i) T helper cells (T h cells) which are restricted for MHC class 11 m olecules and display 
CD4 membrane glycoproteins.
ii) T cytotoxic cells (Tc cells) which are restricted for M HC class 1 molecules and 
display CD8 membrane glycoproteins.
The CD4 and CDS glycoprotein molecules are invariant in structure and are 
thought to be accessory m olecules which play a role in the interaction o f T cells with 
non-T cells. These glycoproteins appear on the surface o f the T-cells just before the 
appearance o f the T-cell receptor during their maturation in the thymus. CD4 acts as a 
marker o f T m cell populations which promote activation and m aturation o f B-cells and 
cytotoxic T-cells, and control antigen-specific chronic innam m atory reactions through 
stimulation of macrophages. These nurlecules IVrrm links w ith class II MHC on the cell 
presenting antigen. Similarly, the CDS molecules on the surface o f cytotoxic T-cells
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associate with M HC class I molecules. An im portant difference between C D 4  and CDS 
cells is that CD4 cells are activated by signals provided both by an antigen-M H C class II 
molecule com plex and IL-1 (Interleukin) provided by the antigen presenting cells. On 
the other hand, the proliferation and differentiation o f CDS cells depend on  a signal 
provided by the antigen-M HC class I com plex and an additional signal, IL -2  which is 
released as a consequence o f the activation o f  CD4 helper T-cells.
In response to the recognition of antigen by the receptor in conjunction with the 
MHC molecule, a T h cell .secretes various grow th factors, which are collectively known 
as lymphokines. W hen a T h cell is activated, it becomes an effector ce ll secreting 
various lymphokines which play an im portant role in activating B ce lls , Tc cells, 
phagocytic cells, and various other cells that participate in the immune response. Under 
the intluence o f Tn-derived lymphokines, w hen the Tc cell receptor together with M HC 
molecules recognises an antigen, it proliferates and differentiates into effec to r cells 
called Cytotoxic T Lymphocyte (CTL). In contrast to the T h cell, the C T L  does not 
generally secrete lymphokincs and instead acquires cytotoxic activity. The CTLs 
monitor the cells o f the body and elim inate any that display antigen, su ch  as virus- 
infected cells, tum or cells, and cells o f a foreign tissue graft. Such cells displaying 
foreign antigen com plexed to an MHC m olecule are called altered self-cells.
3.1.2.3 Antigen pre.senting cells
file activation o f both the humoral anti cell-mcdia(etl branches o f  the immune 
system depends on the production o f lym phokines from Iji cells. The Th cells can be 
activiited following tmtigen recognition only when the antigen is tiisplayeil together with 
MIIC' on the surface o f speci;ili/etl cells calleil antigen-presenting eells (A l’C’s). The 
antigen presenting cells include m acrophages, B cells, ;iiul deiulritie ce lls ; these are
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distinguished by their expression o f a particular type o f M H C molecule. These 
specialized cells internalize antigen, either by phagocytosis or by endocytosis, and then 
re-express a part o f  that antigen, together with the M HC m olecules, on their membrane. 
The T h cell then recogni.ses the antigen associated with the M HC molecule on the 
membrane of the antigen-presenting cell.
Antigens which are generally very large and com plex, are not recognised in their 
entirety by T or B lymphocytes. Instead both T and B lym phocytes recognise discrete 
sites on the antigen called antigenic determ inants, or epitope. Epitopes are the 
iinmunologically active regions on a com plex antigen, the regions that actually bind to B 
or T c e ll’s receptor. A com parison o f the amino acid sequences of the V l and V h 
domains of B cell receptor reveal that the amino acid sequence variability is 
concentrated in several hypervariable regions. These regions form  the antigen binding 
site o f the antibody molecule. Because the antigen-binding site is com plem entary to the 
structure of the epitope, the hypervariable regions are also called complementary- 
determining regions (CDRs).
The most important difference in antigen recognition by T  lymphocytes and B 
lymphocytes is that B cells can recognise an epitope alone, w hereas T cells can only 
recognise an epitope when it is present on the surface o f a self-ecll in association with 
an M HC molecule. For a T cell to recognise a foreign protein antigen, it must be 
degraded into sm all peptides that form physical com plexes with a class I or class II 
MHC molecule. This conversion o f proteins into M H C-assoeiatcd peptide fragments is 
called antigen processing. Figure 3.1 presents the schem atic diagram  of the cellular 
immune system (cited from Kuby, 1997).
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Exogenous antigens (e.g. bacteria, parasites) are internalized by phagocytosis or 
endocytosis o f  antigen-presenting cells. M acrophages can internalize antigen by both 
processes, whereas m ost other APCs are not phagocytic or are poorly phagocytic and 
therefore internalize exogenous antigen only by endocytosis (either receptor-m ediated 
endocytosis or pinocytosis). A fter internalized an antigen, it is degraded into peptide 
fragments within com partm ents o f the endocytic processing pathway where the class II 
MHC molecules are expressed. The endocytic processing pathw ay appears to involve 
three increasingly acidic com partm ents : early endosomes (pH 6.0-6.5); late endosomes 
or endolysosomes (pH 5.0-6.0); and lysosom es (pH 4.5-5.0). The internalized antigen 
moves from early to late endosom es and finally to lysosom es, encountering hydrolytic 
enzymes and an increasingly low pH in each compartment. The antigen is degraded into 
oligopeptides in the com partm ents o f the endocytic pathway and bind to the class II 
MHC molecules. The M HC class II molecule bearing the peptide is then exported to the 
cell surface where it is recognised by CD4'^ T h cells (Lanzavecchia, 1990). CD4'^ binds 
to the P2 domains o f class II M HC molecules. After recognising and form ing a complex 
with an antigen-M HC class II m olecules, the T h cell becom es activated, begins to divide 
and give ri.se to a clone o f effector cells. Each o f the effector cells is specific for the 
same antigen-class 11 M HC com plex. The.se effector cells secrete lym phokines which 
activate B cells. The B cells then divide and differentiate into plasm a cells that secrete 
antibody proteins. The .soluble antibody molecules bind to the antigen and neutralize 
them or precipitate their destruction by com plem ent enzyme.
Endogenous antigen is produced within the host cell it.self. Viral proteins are 
synthesised within virus-infected host cells. Endogenous antigens are thought to be 
degraded into peptide fragm ents that bind to class I M H C m olecules within the 
endoplasmic reticulum. The peptide-M H C com plex is then transported to the cell
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membrane and recognised by CD8^ T c cells (Bjorkman and Parham, 1990). Like CD4'^, 
CD8^ binds to the a j  domain o f M HC class I molecule. After forming a com plex with 
antigen-class I M HC molecule, Tc cell proliferates and differentiates in to  CTL. The 
CTLs are activated by interaction with an antigen-M HC class I complex on  the surface 
of an altered self-cell and kill it. In the k illing process the CD8^ T cells secrete some 
cytotoxic substances such as perforin present in the granules, which produce lesions in 
the membranes o f target cells and lyse them.
3.1.3 Major histocompatibility complex in fish
The major histocom patibility com plex (MHC) is a cluster o f closely linked genes 
present in all vertebrate species. The genes of the MHC are inherited as a unit, a 
phenomenon known as linkage, i.e. they m ake a linkage between antigenic peptides and 
T lymphocytes. In fact, M HC genes encode essentially polymorphic cell surface 
glycoproteins which bind non-self peptides (degraded antigen) and present them to T 
lymphocytes (Town.send and Bodmer, 1989; Bjorkman and Parham, 1990) and thus 
initiate a specific immune response (Klein, 1986; Rothbard and Gefter, 1991).
To date, most o f the work on M H C  has been undertaken in hom eotherm ic 
mammals and birds, and there is much less known about the system in low er vertebrates 
and invertebrates. Although phylogenetically, fishes are lower vertebrates, they pos.sess 
the ability to mount a humoral immune respon.se characterized by the induction o f 
antigen specific im m unoglobulins (Sm ith et al., 1966; Dorson, 1981). Cellular 
alloreactivity can be observed through allograft rejection and m ixed lymphocyte 
reactivity (Etlingcr et al., 1977; Rijkers, 1982). Tcleost fish also appear to process 
functional lymphocyte subpopulations com parable to the T and B lym phocytes seen in 
higher vertebrate species (Secom bes et al., 1983; M iller et al., 1986). The.se indirect
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features of the immune system  indicate the presence o f a putative MHC hom ologue in 
fish but the evidence still rem ains conjectural.
In amphibians, for analysis o f M HC, skin grafting between unrelated and related 
species has com m only been used. Cohen (1971) observed that urodelous amphibians 
typically rejected allografts slowly, which indicated the lack o f  an M HC complex, 
whereas anurous frog o f  the genus Rana  characteristically exhibited acute allograft 
responses when appropriately challenged (Bovbjerg, 1966). The acute nature o f allograft 
reactions among outbred frogs is seen as evidence for the existence o f a major 
histocompatibility complex. Sim ilar studies in teleosts also show ed allografts to be 
rejected in an acute fashion (Borysenko, 1976; Botham et ciL, 1980) and that a number 
of histocompatibility loci (4-7) were likely to be involved in this process in goldfish 
(Hildemann and Owen, 1956) and between 10-15 loci in different Xiphophorus  species 
(Kallman, 1964).
Therefore, allograft rejection experim ents in fish have served a dual purpose. 
Several scientists have used allograft experim ents as a tool to inve.stigate the 
developmental status o f cellu lar immunity (Rijkers and Van M uiswinkel, 1977; Botham 
and Manning, 1981; Kikuchi and Egami, 1983), while others were more concerned 
with the genetics o f tissue transplantation because there is a difference in the kinetics of 
graft rejection (reviewed in H ildem ann, 1970; Kallman, 1970). V ertebrate animals are 
diploid and in nature mostly heterozygous at their M HC loci (K lein, 1986). The kinetics 
of graft rejection depends on the degree o f heterozygosity at M HC loci in a given 
animal. In humans, the M HC com plex is designated HLA  which is located at four loci- 
H l^ -A , HIA-H, ULA-C, and H LA-D  and each o f the four loci has a series o f  alleles. At 
present the HLA-B gene appears to be the mo.st polymorphic w ith at least 32 distinct 
alleles and is followed by the HLA-A gene with at least 17 alleles. The other two genes.
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HLA-C  and HLA-D  have 8 and 12 alleles respectively. In mouse, the M H C  complex is 
known as H-2 which has 4 loci, K, I, S , and D. At K locus more than 55 and at D locus 
60 alleles have been identified (Zaleski et al„ 1983). Therefore in studies on  the genetics 
of MHC, it is seen as very im portant to  reduce the heterozygosity at M H C  loci. In many 
species this can be done by producing inbred lines using gynogenesis o r  androgenesis or 
at least congenic lines. Du Pasquier e t al. (1977) used gynogenesis in X enopus Icievis to 
provide evidence o f the XLA com plex, the MHC homologue in this species. Komen et 
al. (1990) observed that skin allografts exchanged among heterozygous gynogenetic 
siblings produced by meiotic gynogenesis survived for a longer period, whereas 
allografts exchanged among hom ozygous gynogenetic siblings produced  by mitotic 
gynogenesis all rejected after a shorter period. Allografts on the clonal m em bers derived 
from a homozygous female were fully accepted. Likewise, the re la ted  F| hybrids 
produced from the homozygous fem ale by crossing with a hom ozygous male sibling 
accepted the grafts from the hom ozygous strain member, but the reverse  grafts were 
rejected. Therefore, these results provide evidence for the idea that in carp 
histocompatibility genes exist, and that there is at least one major locus, and/or co- 
dominantly expressed multiple m inor loci. In mice, rats, and hum ans, the major 
histocompatibility locus produces strong transplantation antigens w hich  exert intense 
allograft reactions (Amos et a!., 1963; Elkins and Palm, 1966). B ut other minor 
histocompatibility loci from other chrom osom es produce weak transplantation antigens 
that individually trigger relatively m ild immune re.sponses (Graff and  Bailey, 1973, 
Hildemann, 1971).
Mixed lymphocyte reaction (M LR) experiments have been used to provide 
evidence for MHC genes in anim als. In higher vertebrates, it is estab lished  that only 
MHC loci encoding class II m olecules are responsible for MLR. T he M LR have also
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been observed in a num ber o f fish species such as Atlantic salmon, Salm a salar (Sm ith 
and Braun-Nesje, 1982), rainbow trout, O. mykiss (E tlinger et al., 1977), carp, C. carpio  
(Caspi and Avtalion, 1984; G rondel and Harmsen, 1984), and channel catfish, Ictalurus 
pimctatus (M iller et al., 1986). Am ong them, Caspi and Avtalion (1984) first described 
the usefulness of the technique for genetic analysis o f M LR-recognised 
histocompatibility antigens in carp. In this study, the MLR responses between fish 
collected from different geographical locations were invariably m edium  to high, 
whereas fishes from a single source showed uniform ly low responses w hich m ight be 
the consequence of som e degree o f inbreeding.
In recent years, m olecular cloning techniques have facilitated the analysis of 
MHC in mammals. A ccording to Klein (1986), M HC class II A and class II B genes 
have been cloned from  a num ber o f mam m alian species. The mam m alian class II 
molecules consist o f  one a  and p chain and these tw o chains are encoded by separate 
class 11 A and class II B genes respectively. In the case o f non-m am m alian species, the 
MHC of the chicken (Gallu.K gallus) in which sequencing has identified classical class 1 
(B-F), class 11 (B-L), and non-classical (B-G) genes (Bourlet ef al., 1988; Guillem ot et 
al.. 1988). The genetic organisation o f the M HC o f chicken shows striking differences 
compared to that o f m am m als especially the distance between class I and class II 
molecules which are m uch shorter and interspersed with non-classical MHC genes 
(reviewed in Stet and Egberts, 1991).
To identify and isolate the M HC genes in an anim al, cross hybridisation with 
homologous DNA probes already isolated from higher vertebrates can be used. In this 
way, the human MHC class II subprobe (HLA-DQP) was successfully used to isolate the 
class 11 gene Irom chicken (Bourlet et al., 1988) but in fish such attempts have generally 
been unsuccessful (reviewed by Kaufman et. al., 1990; Stet and Egberts, 1991).
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Recently, the introduction o f the polym erase chain reaction (P C R ) and nucleotide 
sequence techniques have accelerated the cloning of MHC genes from  lower vertebrates 
which has led to both cDNA and genom ic sequences from a variety  of teleost fishes 
being obtained (Hashimoto et al., 1990; Juul-M adsen et al., 1992; H ordvik  et a l., 1993; 
Ono et al., 1992, 1993; Klein et al., 1993) and cartilagenous fishes (H ashim oto et al., 
1992; Kasahara et al., 1992). H ashim oto et al. (1990) first identified two putative 
MHC-antigen encoding sequences, TLA Ia-1 and TLAIip-1 in carp , C. carpio  which 
were homologous to both m am m alian and avian MHC class I heavy chain and class II P 
chain respectively. The prim ers used for amplification of these  sequences were 
synthesised from two highly conserved amino acid sequence b locks surrounding two 
cysteine residues in the second dom ain of M HC class II P chains a s  well as the third 
domain o f class I heavy chains o f  human, mouse and chicken. C loning o f  the p 2 - 
microglobulin gene has been used as an alternative possible m eans for identifying the 
teleosiean MHC molecules because of its non-covalent association w ith class 1 
molecules (Shalev et al., 1981; O no et al., 1993). Recently it has been  know n that the 
organisatiion of fish MHC genes is quite different from m am m alian MHC (Stet et al., 
1998). The similarity in am ino acid  sequences between fish and m am m alian MHC 
molecules is relatively low, the m axim um  homology that has been found  is only 40%.
Sequence data o f M HC genes in fish has provided inform ation on the level of 
polymorphism in a single locus. K lein et al. (1993) found extensive MHC variability in 
cichlid fishes of lake Malawi. They found high sequence variability o f  the M H C class 11 
B genes in a sample and suggested that this variability can be used as  a set of m olecular 
markers for studying spéciation during adaptive radiation. High levels of polym orphism  
in the MHC class II genes in teleosts have been reported by S te t et al. (1996) and
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Langefors et al. (1997). Polym orphism  o f M HC genes can be used for stock 
identification and in the management o f its improvement. Van der Zijpp and Egbert 
(1989) reported an association between M HC and di.sease in farm anim als. If MHC 
polymorphism can be associated with disease resistance or susceptibility this 
information can be included in a selective breeding programme. In fact, it has been 
reported that several strains o f fish differ in resistance or susceptibility (reviewed by 
Chevassus and Dorson, 1990).
In the present study, tw o different approaches were taken to determ ine the levels 
of MHC variation and effect in different clonal groups o f tilapia, O. niloticus. Firstly, 
polymerase chain reaction (PCR) and secondly, scale grafting.
3.2 Polymera.se chain reaction
The polymerase chain reaction (PCR) is one of the most useful techniques in 
molecular genetic studies. It is a selective DNA am plification method w hich can be used 
to amplify any desired part o f the DNA from the whole. The greatest advantage o f this 
method is that it is possible to amplify DNA from a very minute source o f  DNA, even 
from one cell. The availability o f  PCR has accelerated the cloning of M H C  genes from 
lower vertebrates. H ashim oto et al. (1990) first cloned the M HC genes from  carp by 
using PCR techniques.
The principles o f PCR are that DNA polymerase uses single-stranded DNA as a 
template for the synthesis o f a com plem entary new strand. These single-stranded DNA 
templates can be produced by simply heating double stranded DNA to a temperature 
near to boiling. DNA polym erase al.so requires a sm all section o f double-stranded DNA 
to initiate synthesis (primer). Therefore, the starting point for DNA synthesis can be 
specitied by using an oligonucleotide prim er which anneals to the tem plate at that point.
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By this way, DNA polymerase can be directed to synthesise a specific  part o f the DNA 
molecule.
The resulting single-stranded DNA molecules can serve  as tem plates for 
synthesising new com plem entary double-stranded DNA provided  an oligonucleotide 
primer is supplied for each strand. The primers used are chosen to  flank the region of 
DNA that is to be amplified so that the newly synthesised strands o f DNA, starting at 
each primer, extend beyond the position of the primer on the opposite  strand. As a result 
new primer binding sites are generated on each newly synthesised DNA strand. The 
reaction mixture is again heated to separate the original and new ly  synthesised strands, 
which are then available for further cycles o f primer hybridisation, DNA synthesis, and 
strand separation.
Once started the PCR cycle can be repeated as many tim es as desired from  30 to 
60 cycles. The net result o f PC R  is that by the end of n cycles, the reaction contains 
theoretically a maximum num ber o f 2" double-stranded DNA m olecules that are copies 
of the DNA sequence between the primers (W atson et cil., 1992).
3.2.1 Materials and methods
To amplify the M HC class II B genes in O. niloticiis by P C R , 10 ng o f  genomic 
DNA was used. The DNA was extracted mainly from blood an d  sometimes from fin 
samples. The blood samples w ere collected from caudal vein o f  fish by using sterile 
syringe and needles. The DNA was extracted by phenol and chloroform / isoamyl 
alcohol extractions. The collection o f blood and fin samples, an d  the procedures for 
extraction of total DNA from these samples have been previously explained in Section 
2.2.16.1. After extraction the concentration o f DNA was determ ined (Section 2.2.16.2)
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and diluted in T E  buffer in a total volum e o f 100 i^l to give a final concentration of 10 
ng (il ‘-
A total o f  25 i^l o f PC R  reaction mixture was prepared. Approximately 10 ng of 
total DNA was used as tem plate for 25 (il of PCR reaction containing lOx buffer, 25 
inM M gCh, dN T P’s, two generic prim ers (TU 383 and TU 377), Red hot polymearse (5 
units pi ') and sterile deionized water. The Red hot DNA polymerase (Advanced 
Biotechnologies Ltd, Surrey, UK) was used as the enzym e for strand extension in the 
PCR protocol. It has a 35 m ins half life at 95 °C and can am plify up to 12.5 kb o f DNA. 
The Red hot polymerase was used in the PCR mixture w ith reaction buffer [200 mM 
(NH4)2 S0 4 , 750mM  Tris-H Cl, pH 9.0, 1% (w/v) Tween], and 2mM M gCh which was 
found optimum concentration for both primers and gave specific and strong PCR 
products. Two primers (originated from  cDNA sequence o f cichlid) employed for 
amplification o f  Intron 1 and Exon 2 o f M HC class II B genes were provided by Edward 
Malaga and Jan Klein from the M ax-Planck-Institut fur Biologie, Tubingen, Germany. 
The sequences o f these prim ers are as follows
TU 383 - 5 '- CTC TTC ATC AGC C TC  AGC ACA-3'
TU 377 - 5' - TG A  TTT A GA CAG A(G/A) (T/G)G (T/G)(T/C) GCT GTA -3'
Exon 1 Intron 1 Exon 2
ITJ 383 TU 377
The PCR reaction mixture was prepared in an individual 0.5 ml PCR microfuge 
tube. Therefore, during w orking with m ultiple samples w ith the same primers, a master
1 Ih
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3.2.2 Results
In the am plification of MHC class II B genes in O. niloticus, the schedule for 
PCR reaction was very effective. Two generic primers TU  383 (forward) and TU 377 
(reverse) were designed to amplify the intron 1 and exon 2 o f  MHC class II B. The size 
of the intron 1 is variable in different families and can be used  as a polym oiphic marker. 
In Figure 3.2, the am plification o f MHC class II B genes in broodstock demonstrated 
different patterns o f bands. All o f the lanes showed m ultiple bands, because the primers 
were generic and am plified several MHC loci, each o f w hich has a defined length and 
sequence. The banding patterns were compared to each  other and classified into 
different groups. M ost o f  the bands were positioned betw een 300 and 750 base pairs. 
The sequencing o f the bands generated a number o f M H C  class II B loci (Edward 
Malaga, personal com m unication) which are presented in  Table 3.1. In some cases, 
some of the bands are non-M HC specific, that is, they are produced from  unspecified 
PCR products.
The PCR am plification o f MHC class II B genes in meiotic gynogenetics, mitotic 
gynogenetics and related diploid controls revealed that all gynogenetic offspring 
inherited only their m aternal M HC class II B genes and there was no paternal 
inheritance in any o f the gynogenetic groups (Figure 3.3 and Figure 3.4). Like DNA 
fingerprinting, the analysis of PCR products showed that in m eiogynes a high 
percentage o f recom bination took place between chrom atids resulting in every 
individual being heterozygous. On the other hand, the mitogynes were completely 
homozygous and their homozygosity resulted from fixation o f one o r other maternal 
allele. The diploid controls shared bands from both parents. After grouping o f broods 
and their mitotic offspring on their respective MHC genotypes, a num ber of mature
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3.3 Scale grafting
Scale grafting  has becom e the conventional m ethod for determ ining the presence 
of the m ajor histocom patibility  com plex in fish. W hen grafts are exchanged between 
genetically unrelated  species, rapid graft rejection is often seen (K om en et al., 1990). 
The rejection o f allografts indicates that the individuals are incom patible w ith each 
other with respect to  their m ajor histocom patiblility  com plex. The various antigens that 
determine hi.stocom patibility are encoded by m ore than 40 d ifferent loci in hum an, but 
the loci responsible for the m ost v igorous allograft-rejection reactions are located within 
the MHC. Identity o f  donor and host M H C genotype is not the sole factor determ ining 
tissue acceptance. W hen tissue is exchanged betw een genetically  different individuals, 
even if their M HC antigens are identical, the transplanted tissue is likely to be rejected 
because o f differences at a variety o f  m inor h istocom patib ility  loci. U nlike the m ajor 
histocompatibility antigens, which are recognized directly  by T h and T c cells, m inor 
histocompatibility antigens are recognized only w hen they are presented in the context 
of self-MHC m olecules. The tissue rejection induced by m inor hi.stocompatibility 
differences is usually  less vigorous than that induced by m ajor histocom patibility  
differences (Kuby, 1997).
Most o f the studies on the im m une response to foreign tissue in fish have 
involved the use o f  either skin or scale transplantation. Scale allograft rejection in many 
species of teleost has been reported (H ildem ann, 1957; H ildem ann and H ass, I960; 
Triplett and B arrym ore, 1960; B oryesenko and H ildem ann, 1969; A vtalion et. a!., 
1988). The process o f scale grafting involves rem oving a scale from  the epithelial 
pocket of one fish and inserting it in to  an em pty pocket o f  another fish from  which a 
scale has been rem oved (M ori, 1931, cited by H ildcm ann, 1957). The survival time o f 
the scale allografts is measured from the time o f transplantation  to the tim e when all
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melanophores w ithin the scale have been destroyed. A lternatively , the grow ing of 
hyperplastic host tissue over the grafts can also be considered as the rejection end point 
(Rijkers and V an M uisw inkel, 1977). A fter transplantation o f  skin or scale allografts, 
the eventual rejection events are basically  sim ilar in all species of fish. Externally  the 
allografts p laced on a host fish can ’t be distinguished from autografts for the first few 
days. Then autografts usually  com pletely heal within a few  days, w hereas allografts 
exhibit haem orrhage and begin to lose their p igm entation  as m elanophores are 
destroyed.
H istologically, the host response to an autograft d iffe rs  m arkedly from that to 
allografts. The initial response is an invasion o f lym phocytes and m acrophages in the 
allografts. This does not occur in the autografts and appears to  be com m on to all fish 
groups studied (B orysenko and H ildem ann, 1969; M cK inney  et al., 1981). C ellular 
infiltration into allografts begins early in the response an d  its peak proceeds the 
cytotoxicity events that result in m elanophore breakdow n and pigm ent dispersal 
(Botham et al., 1980).
ln the case o f  second-set allografts from the same do n o r, the rejection o f grafts 
shows a sim ilar pattern to  that o f the first-set graft, but the rate ol rejection is 
comparatively faster w ith the second-set (H ildem ann and H ass, 1960).
The mean survival tim e o f allograft varies from species to species. It even varies 
between different skin or scale types and on the chosen end po in ts  for graft survival. For 
instance, in holostean fish with ganoid scales, allograft transp lan tation  pre.sents a 
different situation from that in teleost (M cK inney et al., 1981 ). Even w ithin the teleosts, 
longer mean survival tim es are recorded for skin grafts com pared  to  scale grafts. 
Physical factors such as tem perature (H ildem ann, 1957) an d  day-night rhythm s may 
also inHuence im m une reactivity  (Nevid and M eier, 1993). Konten et al. (1990)
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mentioned that the degree o f genetic variability  betw een anim als m ight have influence 
on mean survival tim e o f  grafts. H ow ever, in more prim itive groups o f  fish allograft 
rejection is reportedly slow (H ildem ann, 1970). In agnathans, elasm obranches, and 
primitive actinopterygian fish, chronic graft rejections w ere found w ith  first-set grafts 
surviving for several w eeks (>30 days). In contrast, teleost fish reject allografts more 
rapidly in an acute m anner and this characteristic  is usually associated w ith the presence 
of MHC genes.
3.3.1 Materials and methods
The scale transplantation was carried  out follow ing the m ethods as described by 
Hildemann (1957). For reciprocal scale grafting, selected fish w ere transferred to 
Perspex tanks in a U V -sterilized recirculating  water system . The tem perature o f  water 
was maintained at 28 ±1 °C. At lea.st tw o  weeks before grafting, the fish were 
transferred to the tanks so  they could becom e acclim atized.
The donor and recipient fishes were anaesthesized with benzocaine as described 
in Section 2.2.2 and w ere placed side by side on a thin wet sponge. A 90  mm Petri dish 
containing 0.8% saline was used to hold one .scale briefly  during reciprocal grafts 
exchange. The scale grafting was perform ed by in.serting a foreign scale into an em pty 
pocket from which an autologous scale has been rem oved a few m inutes earlier. Eight 
scales were reciprocally transplanted betw een paired fishes on one side and another six 
autologous scales grafted on the other side. For convenience, grafts w ere m ade in the 
row of scales just above or below the lateral line, using alternate scale position 
numbered from the operculum . To ensure com plete adherence o f  grafts and to prevent 
inlection, a small am ount of O rahesive pow der was spread around the ba.se o f the grafts. 
Following grafting, the fishes were transferred  carefully back into their original tank.
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The grafts were checked  every day by observing the fish through the side o f the 
transparent Perspex aquarium . Som etim es it was very d ifficu lt to  check all the grafted 
scales due to  the m ovem ent o f the fish. Once a w eek the fish  were anaethesized in their 
tank by benzocaine an d  the grafts checked more accurately. The progress o f  graft 
rejection was determ ined  by observing the follow ing events: haem orrhage (considered 
as first sign o f  rejection), hyperplasia and loss o f p igm entation . During checking  any 
rejected scales w ere rem oved and exam ined under m icroscope. Three w eeks after 
grafting, a num ber o f  allografts and normal scales were sam pled  from  different groups 
of fish and preserved in  fixatives for histological study. T he survival end point o f the 
grafts was determ ined as the num ber o f days after transplantation  at which all allografts 
were rejected.
For reciprocal sca le  grafting, three clonal lines based  on different M H C  class 11 
B genotypes were selected . Since the M HC class II genes a re  segregated to the offspring 
as haplotypes, the genotypes o f the clonal lines represen t certain  M HC class 11 B 
haplotypes. The geno types o f the clonal lines were (6,9*), (12.9*) and (1*)  and these 
lines were identified w ith  their m itotic m others tag num bers, (K)9 356 316, 010  036 092 
and 000 886 064 respectively . A total o f 12 perspex tanks (30L w ater capacity) each o f 
which was divided in to  two sections with perspex partitions w ere used. For grafting, 
three combined reciprocal groups |009  356 316(6,9*) <=> 0 1 0  036 0 9 2 (¡2,9*), 010  036 
092(72.9*) <=> (KK) 886 064(7*), (KK) 886 064(7*) <=> (X)9 356 316 (6.9*)] w ere made 
among the three clonal lines and each group o f fish m aintained in fi>ur tanks w ith four 
reciprocal pairs. Fish o f  a sim ilar size and age were selected  from  the three lines and 
transterred to the tanks. Each o f  the reciprocal fish received tw o sets o f allografts (8 
scales in one set) and autografts (6 scales in one set), and th ree  w eeks after the rejection 
ot first set. the second set o f grafts were transplanted.
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3.3.1.1 Histological examination o f scale grafts
Both norm al and allograft scales (10 for each type) w ere collected  from  fish and 
half were preserved in 10% neutral buffered form alin and half in B ou in ’s solution. This 
was to exam ine the effects o f d ifferent fixatives on the scales. The scales w ere kept in 
buffered form alin for at least 24 hrs before processing. A fter 8-10 hrs in Bouin’s 
fixative, the scales were first rinsed w ith, and then left for over night in 70%  ethanol. 
The following day the scales were rinsed again with 70% ethanol before being 
processed.
3.3.1.1.1 Scale processing
The preserved scales w ere placed into coded cassettes, tw o  sim ilar scales per 
cassette. A fter cassetting, scales preserved by buffered form alin w ere kept in a small 
bowl full o f w ater, and scales from  B ouin’s so lution were kept in absolute alcohol until 
loading on to an autom atic tissue processor (Shandon Citadel 2000). The autoprocessing 
steps were organized in such a way that the tissues pass through different alcohol 
grades, follow ed by absolute alcohol, chloroform  and finally im pregnation  in m olten 
wax. The detailed tissue processing schedule is presented in A ppendix 3.1. A fter 
processing it was found that the scales pre.served in B ouin’s solution rem ained norm al, 
while those preserved in buffered form alin becam e tw isted. H ow ever, during sectioning 
both types o f scales gave good sections.
3.3.1.1.2 Em bedding
At the end o f processing, the cassettes w ere rem oved from  the processor and 
placed in the auxiliary wax bath on the histoem bedder. The scales w ere rem oved from 
the cassettes, em bedded and blocked in suitable sized  m oulds w ith paraffin  wax (50-60
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‘’O  and cooled rap id ly  by placing the moulds on a co o l plate. A pproxim ately  5 m ins 
alter the paraffin becom e solidified, the blocks were rem oved  from  the base m ould and 
were stored at room  tem perature until sectioning.
3.3.1.1.3 Sectioning o f tissues
The surface layer o f the blocked wax was rem oved  by trim m ing to expose the 
complete surface o f  the tissue. This was carried out b y  using a L eica 2035 B IO C U T  
microtome and an o ld  surgipath disposable blade. S ince  scales are considered a hard  
tissue they w ere decalcified  by placing the trim m ed blocks face down in a ves.sel 
containing a layer o f  rapid decalcifying solution for at least 1 h. A fter that the b locks 
were washed with w ater, clam ped into the block holder and sectioned to a th ickness o f 
10 pm  using new m icrotom e blades. The ribbon o f the sections w as floated on a w ater 
bath at 40 "C and the best section was picked up on a c lean  glass slide. The slides w ere 
then marked using a diam ond pen and dried in an oven at 60 ”C fo r few hours before 
they were stained.
The slides w ith  tissue .sections were stained w ith  haem atoxylin  and eosin stain. 
Details ol the haem atoxylin  and eosin staining m ethod  is given in A ppendix 3.2. 
Following staining the  slides were washed in xylene fo r  5 mins and finally m ounted 
with DPX (BDH).
3.3.2 D eterm ination o f  mean survival time (M ST-50)
During observation  of grafted scales it was found that sim ultaneous graft 
rejection did not o ccu r either in the different groups n o r  even on an individual fish. 
Therefore, a mean survival time for 50% o f the transplanted  .scales for each fish had to  
he individually determ ined  by plotting a cum ulative scale rejection curve against tim e in
I2y
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3.3.3 Results
The observations o f  grafted scales show ed that there was a clear pattern o f 
progression; 2-3 days after grafting scales becam e reddish  and seem ed to have 
reestablished their cap illa ry  circulation. A fter this period  all autografts becam e well 
healed within 6-7 days w ith  no signs o f transplantation  in the autografted area. In 
contrast, most o f  the allografts becam e more reddish and distinctive from surrounding 
normal scales. Inflam m ation and slight haem orrhage w as observed in som e scales 
before rejection.
In the first set o f  allografts, the inflam m ation w as observed at 5-6 days after 
transplantation and their rejection started at about 7 days. Fish from  all groups showed 
slow rejection o f grafts and  by 42 days, about one-fifth  o f  all fish had rejected all their 
grafts and the rest o f  them  had rejected between 80-90%  (F igures 3.7, 3.8 and 3.9). The
(KW 3.S6 3 16 (6 .9  *; - »  0 10 0,16 092( / 2,9 *> 010 0.36 0 9 2 ( /2 .9 * l  -> 0 0 9  3,36 316(6.9*>
I 'ig u r c  .1.7 h ir s t  s e t  o f  s c a le  a l lo g r a t i  r e j e c t io n  p r o f i l e s  b e t w e e n  t w o  r e c ip r o c a l  g r o u p s  ((KH) 
.1 1 6 (6 ,y * )  O i l )  0 1 6  ()‘) 2 | / 2 , y * )  1 o f  c lo n e d  l i la p ia .  ( ) .  n i l o t k u s
A r r o w  in d ic a te s  t h e  g r o u p  m e a n  s u r v iv a l  l im e  o f  g r a f t s
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F ig u r e  3 .8  F irs t s e t  o f  s c a le  a l lo g r a f t  r e j e c t io n  p r o f i l e s  b e tw e e n  t w o  r e c ip r o c a l  g r o u p s  
|()1 () 0 3 6  0 9 2 f /2 ,9 * > < -» 0 0 0  8 8 6  0 6 4 ^ /  ] o f  c l o n e d  t i la p ia ,  O. n i lo t ic u s
A r r o w  in d ic a te s  th e  g r o u p  m e a n  s u r v iv a l  t im e  o f  g r a f t s
second sets o f  allografts were rejected significantly  (P<0.05) faster than the first sets 
and in an acute manner. Severe inflam m ation antJ haem orrhage w ere observed in most 
of the grafts 2-3 days after transplantation and m ost o f the fish rejected m ore than 50% 
of their grafts within 7 days. C om plete graft rejection had occurred  in all the groups 
between 21 and 28 days after transplantation (F igures 3.10, 3.1 1 and 3.12).
The M ST o f both first and .second sets o f  allografts for donors and recipients are 
presented in Table 3.2. For the first set o f g rafts, all recipient groups o f fish showed 
chronic rejection. The M ST o f  grafts in the recipient 010  036 0 9 2 (/2 ,9 * j was 
significantly longer (P<().()5) than those o f o ther two recipient (X)9 356 316(6,9*) and 
(KK) 886 0 6 4 (/* j groups. In the case o f donors, in contrast, the M STs o f grafts in the 
(K)9 356 316(6,9*) and (KX) 886 064(7*) groups w ere significantly longer (P<0.()5) than 
that ol the 010  036 092( 12,9*) group but they w ere not significantly  different from each 
other.
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[0 ( )9  3 5 6  3  \ 6 ( 6 ,9 * )  OOO 8 8 6  0 6 4 ( /  * j] o f  c lo n e d  t i la p ia ,  O . n i lo t i c u s
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The second sets o f grafts w ere acutely rejected by all the fish groups in a sim ilar 
manner and the M STs o f grafts w ere significantly shorter (P<0.05) than those o f  the 
first sets. The M STs o f the second set o f grafts for either recipients o r donors did not 
show any significant difference.
010 0.16 092(12.9*) 000 886 0 M ( l* )  000 886 064(/  *>->  010 0.16 092(12.9*)
U 14 21 28
D a y s
4 07 14 21 28
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F ig u r e  3 . 1 1  S e c o n d  s e t  o f  s c a l e  a llo g r a ft  r e j e c t io n  p r o f i l e s  b e t w e e n  tw o  
r e c ip r o c a l  g r o u p s  ( 0 1 0  0 3 6  0 9 2 r /2 ,y * j < - >  0(K) 8 8 6  0 6 4 f / * j |  o f  c lo n e d  t i la p ia ,  O. 
n ilo t ic u s
A r r o w  in d ic a te s  th e  g r o u p  m e a n  s u r v iv a l  t im e  o f  g r a f t s
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(XW 356 3 1 6 ( 6 , (XX) 886 (X>4(/») (XX) 886 (X>4(/*)-^ (X)9 3 5 6  316(6,9*)
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Figure 3,12 S econd  set of scale allograft rejection profiles betw een two reciprocal 
groups [009 356 3 16f6,9*!<->(XX) 886 0 6 4 f /* j| o f  cloned tilap ia , O. n i lo t ic i i s
A rrow indicates the  g roup  mean survival time o f grafts
The histological exam ination o f grafts show ed  som e signs o f 
histoincompatibility in the allograft scales. The histological sections o f  normal scales 
(non-transplantcd) show ed an  even distribution o f m clanophores in the epiderm al region 
and a thick epithelium  w ith .secretory cells, lying on a uniform  scale plate (Figure 3.13). 
Allograft sections in con trast showed few broken m elanophores in the derm al region 
and a large num ber o f lym pho id  cells clustered at the .soft tissue scale plate junction 
(Figure 3.14).
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Figure 3.13 Histological section  o f a normal scale o f O. n i lo t i c u s .  The transverse 
section show s an even d istribution o f m elanophores and th ic k  epiderm is with 
secretory cells, lying on a uniform  collagenous scale plate
5 0 m  111
Figure 3.14 H istological section o f  an allograft scale o f  O . n i lo t ic u s .  Fhe 
transverse section show s lack o f intact niclanophores and th e  presence tif 
num erous lymphoid cells in the epiderm al and dermal regions
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3.4 Discussion
The presence o f  M HC class II B genes in O. niloticus w as successfully 
determined by PC R  am plification using two generic prim ers. The M H C  class II genes 
are polym orphic in nature and m ight be located in m ultiple loci. At least 17 
polymorphic loci have been identified in cichlids and the num ber o f  loci varied from 
individual to individual, ranging from 1 to 13 (M alaga et al., in preparation). In the 
broodstock o f O. niloticus, the two generic prim ers am plified M HC class II genes from 
multiple loci w hich resulted in m ultiple bands in each individual fish. T he num ber and 
position o f the bands w ere different from  each other and the pattern o f bands made them 
individual-specific for M H C  class II B loci (Figure 3.2 and Table 3.1).
The am plification o f M HC class II genes in gynogenetic fish and their clonal 
offspring revealed that this technique might be effectively  used in the analysis o f 
chromosome m anipulation experim ents. It was evident that like A D A *  loci, M HC loci 
from mitotic gynogenetic m others segregated in their clonal offspring. The segregation 
pattern o f MHC loci and their polym orphism  facilitated to group m itotic fem ales for the 
production of clonal lines. For exam ple, in Table 3.1 the M HC class II B genotype o f  
the female 010 829 552 is {4,12*). D uring the production o f  mitotic gynogenetics from 
this female, these two loci segregated in the m itogynes and as a result some o f the 
mitogynes have {4*) genotype and som e o f them  have {12*). Sim ilarly, the female 009 
120 547 has {1,12,9*) M H C  class II genotype, which is segregated in the m itogynes as 
{!*) and {12,9*) genotypes. As the m itogynes are fully hom ozygous for every MHC 
locus and the num ber o f loci depends on particular haplotypes (21 d istinct haplotypes 
have been identified), clones produced from different mitotic fem ales should be 
ditterent. The num ber o f  loci varied in each haplotype, therefore the functional 
expression of M H C  class II genes should also be different in each clonal line. Since the
1.^ «
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expression o f M HC haplotypes is closely related to disease resistance  (K lein, 1986), the 
clonal lines can be used in im m unological experim ents.
In the present study, besides PCR, scale grafting w as also used to determ ine 
.MHC genes in O. niloticus. In scale grafting, reciprocal g rafts will be accepted by two 
individuals if they are genetically  com patible to each other, otherw ise grafts will be 
rejected. Three clonal lines w ith  different M HC class II B geno types (6,9*), (12,9*) and 
(1*) were used. The first set o f  autografts and allografts in all th e  reciprocal groups were 
indistinguishable for the first 2 days after transplantation. T h e  blood circulation was 
seemed to be restored and the  grafts becam e slightly in flam m ed. The circulation  in 
autografts had established perm anently  w ithin 7 days but in a llog rafts  the capillarisation 
was slow and often incom plete . This phenom enon persisted fo r  the first few days and 
after 3-6 days inflam m ation w as observed in the allografts. Graft rejection started 
slowly in all the groups and continued for few weeks in a ch ro n ic  m anner. A lthough 
survival end point o f  grafts w as determ ined by their com plete  rejection, som etim es in 
chronic condition the end po in t was determ ined by observ in g  the generation o f  an 
autologous new scale. S ince sca le  grafting was perform ed w ith in  three clonal groups o f 
tish, each of the groups served dual functions: one was donor a n d  another w as recipient. 
Therefore, two M STs w ere ob tained  from each group o f  fish fo r  each set o f  grafts (1st 
and 2nd set graft). For the first set o f grafts, the recipient 0 1 0  036  092(12,9*) show ed 
significantly slow er (P<0.05) rejection (M ST >28 days) than th e  other tw o recipients. 
Slow allograft rejection pro files have been found in the FI gynogenetic pairs o f  O. 
aureus, where graft rejection started  7 days after transp lan ta tion  and continued to  the 
end of 42 days (A vtalion el a!., 1988).
In the case o f .second .set grafts, the rejection rates w ere  significantly (P<().03) 
taster than in the first set. A fte r transplantation, there was g enera lly  no restoration of
---------------------------------------------------------------------------------------------------------------------------------------- C hapter III
capillary circulation and severe inflam m ation and haem orrhage were observed in most 
of the allografts and resulted in acute rejection. A lthough in the first .set o f  grafts, slow 
rejection tendency was found in all the groups, the M ST in the 010 036 092(¡2.9*) 
group for both donor and recipient levels show ed a significant difference from  other two 
(X)9 356 3 \6 (6 ,9 * )  and 000 886 064(1*) groups. The differences in M ST of grafts 
between groups m ight be due to the effect o f different M H C  class II B genes where 
different kinds and num bers o f  M HC loci are involved. In the case o f  fast graft 
rejection, the particular M HC loci m ight be elicited strong alloantigenic effect against 
foreign grafts by presenting the foreign peptides to T lym phocytes through the surface 
of the antigen presenting cells. The recognition o f alloantigens by T  lym phocytes 
induces vigorous T-cell proliferation w hich might lead to faster graft rejection through 
CTL-mediated killing. Cohen and Hildem ann (1968) and G ra ff et al. (1966) suggested 
that the differences in M ST o f grafts betw een groups m ight be related to the presence of 
strong versus weak histocom patibility genes. Komen et al. (1990) observed that a single 
set o f skin grafts reciprocally transplanted between two hom ozygous clonal strains of 
common carp were com pletely rejected, and one strain rejected grafts slightly slow er 
(MST 16.6 ± 3.3 days) than the other .strain (M ST 13.1 ± 3.3 days) but the difference o f 
MST was not significant. From these results he suggested that the presum ed strong 
histocompatibility (H) locus is polym orphic and exits in allelic forms o f  different 
strength, which has been found in mice and hum ans (K lein, 1982).
In the case o f the second set allografts, positive rejection responses were 
observed in all the groups with a sim ilar acute manner. Even the recipient group 010 
036 092 (12,9*) which had dem onstrated com paratively the most chronic rejection for 
their first set allografts, also showed acute rejection o f their .second set grafts sim ilar to 
other groups. The M ST o f the second sets o f allografts in all the groups (recipient and
1 4 0
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donor) w ere sign ifican tly  (P<0.05) shorter than the first sets. The faster rejection 
response o f fish to th e  second set grafts shows the specificity  and im m unological 
memory characteristic o f  the cell m ediated im m une response. B otham  and M anning 
(1981) observed that at 22  °C, the M ST o f the first set o f  grafts in carps w as 14 days and 
the second set was 7 days in C. carpió. A sim ila r trend o f  graft rejection in 
Osteoglossum b ic irrhosum  has been reported with a M S T  o f  17.9 ±  1.8 and 5.1 ± 1.1 for 
the first and second set grafts respectively (Boryesenko and H ildem ann, 1969). Perey et 
al. (1968) reported that chrondronstean species, P olyodon spatula  rejected first set skin 
allografts in a chronic m anner at 65-77 “F and second se t allografts m uch faster, even at 
a lower tem perature o f  42-55 “F. H ildem ann (1957) observed  shorter m edian survival 
time o f second set sca le  hom ografts com pared to the first set in goldfish (C arassius 
cmratus).
The histo log ical exam ination o f  allografts show ed all the w ell known 
phenomena as.sociated w ith  cellular incom patibility found  in other fish such as pigm ent 
cell destruction, invasion  o f lym phoid cells and d igestion  o f the scale plate. The grafts 
for histological section w ere collected directly from fish after 21 days o f transplantation. 
Although most o f the rejected scales were collected an d  preserved in fixatives, they 
were not used for h isto logy . M ost rejected scales were b roken  and the scale plates were 
partially digested befo re  being lost. Some rejected sca les w ere stained by G iem sa 
solution follow ing the procedures described by A vtalion  et al. (1988). T hey  reported 
successful observation o f  inflam m atory changes in the  stained grafts show ing an 
intensive lym phoid in filtra tion  and .serious tissue degeneration , but the sam e approach 
was not successful in th e  present study. The histological sections o f  the sam pled scales 
showed some rem arkable changes in the allografts. The norm al scale usually exhibits an 
evenly distributed layer o f  m elanophores in the ep iderm is and a th ick  epithelium  with
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4. Non-specific immune responses o f Oreochromis niloticus
4.1 Introduction
In the previous chapter, the specific im m une response o f different clonal groups of 
tilapia were exam ined by scale grafting. All reciprocally transplanted scales w ere  acutely 
rejected by the recipient clonal groups. H ere, variations in the non-specific immune 
response o f different clonal groups are investigated, since non-specific im m une responses 
can determine the disease susceptibility o f a given group o f fish to a bacterial challenge.
4.1.1 Fish im m une response
Like m am m als and other vertebrates, fish have both  non-specific (innate) and 
specific (acquired) im m une system s and they work together protecting the an im al from 
invading pathogenic organism s. Functionally, an im m une respon.se can be d iv ided into two 
inter-related activities, recognition and respon.se. The im m une system  o f fish  has the 
capability o f recognising foreign particles and distinguish them  from  self. W hen a foreign 
particle is recogni.sed, both the non-specific and specific im m une system s m ount an 
appropriate response to eradicate or neutralise the particle.
4.1.2 Non-specific im m une system
The non-specific im m une system  acts as a first line o f  defence against infectious 
pathogens and potential parasites. It has no  specific recognition or m em ory and thus 
commonly responds to mo.st invading agents. The non-.specific im m une system  is 
comprised o f humoral and cellular defence m echanism s. W hen a pathogen breaches the 
physical barriers and enters the body o f  the fish, the first line o f  defence encoun tered  by the
1 4 3
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organism is com ponents o f the non-specific  response such as m ucus, lysozym e, 
complement, C -reactive protein, transferrin , in terferon, and cellu lar phagocytes.
4.1.2.1 L ysozym e
Lysozym e is a hydrolytic enzym e found in different organs o f  the fish and is able to 
cleave the peptidoglycan layer o f bacterial w alls. It occurs in a w ide range o f  vertebrates 
(Osserman et al., 1974) and acts against invading m icroorganism s. Lysozym e prevents the 
invasion o f  Gram -positive bacteria by sp litting  the P linkages betw een N -acetylm uram ic 
acid and N -acetylglucosam ine in the cell w all o f bacteria (Saltón and G huysen, 1959). 
Lysozyme has no direct action on G ram -negative bacteria, but once com plem ent and other 
enzymes have destroyed the outer cell wall o f  the bacteria, it becom es effective in breaking 
the inner peptoglycan layer o f the bacterium  (G lynn, 1969; N eem an et a/., 1974; 
Hjclmeland el ciL, 1983). As well as direct antibacterial activity, lysozym e also enhances 
phagocytosis by acting as an opsonin o r by directly activating  polym orphonuclear 
leucocytes and m acrophages (K lockars and R oberts, 1976; Jolles and Jolles, 1984). Saltón 
(1957) and Jolles (1969) defined “ true” lysozym e as an enzym e which satisfied the 
following criteria  : i) is able to lyse M icrococcus lysodeikticus cells, ii) is readily  absorbed 
by chitin-coated cellulose, iii) is a low m olecu lar weight protein, and iv) is stable at acidic 
pH and higher tem perature, while inactivated at alkaline pH. T he optim um  activity o f 
lysozyme is between pH 6-7. It has an isoelectric point betw een pH 10.5-11.0 and an 
approximate m olecular weight o f 144(K) K D  (O sserm an et al., 1974).
Lysozym e is widely distributed in nature and is found in anim al secretions such as 
mucus, saliva and in many tissues including blood, and in the cell vacuoles o f plants (Jollcs,
144
_____________________________ _______________________________________________________________  Chapter IV
1969). ln fish, it is distributed m ainly in leucocyte-enriched tissues, like the head kidney 
and other vulnerable sites for bacterial infection such as skin, gills, the alim entary tract, and 
in the eggs (Fletcher and W hite, 1973; S tudnicka et al., 1986; Grinde et al., 1988; Y ousif et 
al. 1991; H olloway et al., 1993). It has been reported that fish lysozym e plays an 
important role in the host defense system against infectious diseases (Fänge et ah, 1976; 
Murray and Fletcher, 1976; Lindsay, 1986; Lie et al., 1989a).
M urray and Fletcher (1976) identified lysozyme activity in the m onocytes and 
neutrophils o f plaice by histochem istry. These cells probably contribute to serum  lysozyme 
activity since their num ber increases concom itantly w ith serum lysozym e levels (Fletcher 
and White, 1973). Y ousif et al. (1991) found high levels o f lysozym e in the eggs o f coho 
salmon and assum ed that it was released from the kidney and other lysozym e-rich  tissues o f 
the mother and transported to the developing eggs through serum.
The lysozym e activity in fish is influenced by a variety o f factors such  as season, 
temperature, sex and sexual maturity. Fletcher et al. (1977) observed seasonal variations in 
the serum lysozyme concentration o f lum psuckers, and the concentration w as higher in 
male fish than in fem ales. Seasonal and .sexual variations in serum  lysozym e levels have 
also been reported for rainbow trout (V ladim irov, 1968). Fletcher and W hite (1976) 
observed a 70% decrease in serum  ly.sozyme levels in plaice after being m aintained at 3“C 
for 3 months. A sim ilar decrease in serum lysozym e level was also observed in carp when 
maintained at low w ater tem peratures (Studnicka et al., 1986). H ow ever, the opposite 
result was found with Japanese eel. W hen they were m aintained at 15 ”C they had a higher 
serum lysozyme activity com pared with those m aintained at 20-30 ’^C (K usuda and Kitadal, 
1992). Mock and Peters (1990) reported that under stressful conditions like tran.sport or
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acute water pollution, serum  lysozym e levels in rainbow  trout decreased significantly. 
Enhanced serum  lysozym e activity w as observed in carp infected with A erom onas punctata  
(Vladimirov, 1968; Siwicki and S tudnicka, 1987) and in A tlantic salm on challenged with 
A. salmonicida  (M oyner ei «/., 1993).
4.1.2.2 Com plem ent
The com plem ent system  is ano ther essential part o f  the vertebrate im m une response. 
The mammalian com plem ent system  is com posed o f tw o distinct pathw ays, the classical 
complement pathw ay (CCP) and th e  alternative com plem ent pathw ay (ACP). The C C P is 
commonly initiated by the form ation  o f soluble antigen-antibody com plexes o r by the 
binding of antibody to antigen on a suitable target such as a bacterial wall. O n the other 
hand, ACP is initiated by various cell-surface constituents which are foreign to the host.
Fish, like m am m als, have a distinct com plem ent system , activated by both the CCP 
and ACP (Sakai, 1992). Most .studies carried out relating to the com plem ent system  have 
been performed using m am m als. S im ila r studies with fish have show n that m any o f  the 
eomponents o f their com plem ent system  are sim ilar to tho.se o f m am m alian system s. The 
mammalian com plem ent system  is compo.sed o f  nine com ponents C 1-C 9 that participate in 
a controlled enzym atic cascade w h ile  killing a pathogen. Serum  from C yclostom es, 
lamprey and hag fish, lack cytoly tic  com plem ent activity and are only activated v ia ACP 
(Fujii et al., 1992; Nonaka, 1994). Tw o proteins have been isolated from lam prey, 
Lampetra japónica  (N onaka et al., 1984a) and hag fish, E ptatrutus hur^eri (Fujii et a!., 
1992; Ishiguro et al., 1992) and bo th  are hom ologous to m am m alian C3. The com plem ent 
system ol E lasm obranchs consists o f  both C C P  and ACP. Its C C P is compo.sed o f six
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functionally distinct com ponents. The first and last two are analogous with m am m alian C l, 
C8 and C9 respectively (Jensen et al., 1973, 1981; H yder Sm ith and  Jensen, 1986). Bony 
fishes possess both CCP and ACP w hich can be directly com pared w ith  those o f mammals. 
Both com plem ent pathw ays have been studied in many fishes such as Japanese eel (lida 
and W akabayashi, 1983; Kusuda and Fujunaga, 1987), carp (Y ano e t al., 1985), salmonid 
fishes (N onaka et al., 1981a; Ingram , 1987; Rped et al. 1992) and  tilapia, O. niloticu.s 
(Matsuyama et al., 1988; Yano et al., 1988). Cushing (1945) ob.served that the first four 
components o f the com plem ent system  in carp serum have a m arked sim ilarity to those o f 
guinea pig com plem ent system . N okaka et al. (1981a) reported that the com plem ent system 
of rainbow trout also has structural and functional sim ilarities to the m am m alian system.
A strong bactericidal activity has been reported for the com plem ent system  of many 
fish species. It is the A C P which is m ainly activated in fish rather than  the C C P during the 
process of bacterial killing (K oppenheffer, 1987). C om ponents o f  the com plem ent system 
are known to opsonise bacteria and by doing so facilitate phagocy tosis o f the bacteria by 
macrophages. G enerally, fish com plem ent exhibits an opsonic activity against non- 
pathogenic bacteria, but not against virulent strains o f bacteria (K usuda and Tanaka, 1988; 
lida and W akabayashi, 1993). It has been reported that C3 is the m ajor phagocytosis- 
promoting factor and C3 receptors are present on the m acrophages o f salm onid fishes 
(Johnson and Sm ith, 1984; Sakai, 1984), tilapia (Saggers and G ould , 1989), and on the 
neutrophils o f carp (M atsuym a et al., 1992).
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4.1.2.3 C-reactive protein (CRP)
C-reactive protein is fo u n d  in the plasm a o f  hum ans, and other m am m als suffering 
from tissue dam age, infection, o r  inflam ation. This protein is known as C R P because o f its 
ability to recognize and p recip ita te  C -polysaccharide, a com ponent o f  the cell w all o f 
Streptococcus pneum oniae, in th e  presence o f  calcium  ions. C R P is not an antibody but its 
amino acid com position show s som e hom ology with that o f  im m unoglobulins (M archalonis 
and Weltman, 1971).
It has been reported th a t CRP is synthesized in the liver (K ushner and Feldm ann, 
1978). Its concentration in norm al serum is around 3-5 pg  m f ' for hum ans, 1.5 pg  ml ' for 
rabits, 400-500 pg  ml ' for rats, and 60 pg  ml ' for dogs. C R P has been isolated from  many 
species of fish including ra inbow  trout (W inkelhake and Chang, 1982; M urai, et. al., 
1990), lumpsucker, C yclopterus lumpus (W hite et al., 1978), tilapia, O. m ossam hicus  
(Ramos and Sm ith, 1978). In lum psucker, C R P has been found in various tissues including 
the serum, eggs and sperms. T h e  highe.st concentration o f  C R P was recorded in the eggs 
suggesting that most o f the C R P  synthesi.sed in the fem ale accum ulated in the eggs 
(Fletcher et al., 1977). In tilap ia , O reochrom is m ossam hicus, a very sm all am ount o f  C R P 
was detected in the skin and no C R P  was found in the serum  o f  normal healthy individuals. 
However, following physical in jury , it w as possible to detect CRP in the serum  o f  the 
animal (Ramos and Sm ith, 1978).
4.1.2.4 Transferrin
Translerrins are globular, iron binding glycoproteins which are detected in the sera 
ot vertebrates, in egg white and in m am m alian milk. Each m olecule o f  transferrin can bind
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two ferric ions and thus it plays a central role in the transport o f  iron between sites of 
absorption, storage and utilisation in all vertebrates (Putnam, 1975). Iron is norm ally an 
essential elem ent required by m ost infecting pathogens (Sussm an, 1974). Transferrin 
reduces the am ount o f  free endogenous iron by chelating it, thus m ak ing  it unavailable for 
pathogens (W einberg, 1974). Therefore, the am ount o f transferrin in the  host’s blood can be 
used as an indicator for determ ining the host’s susceptibility to a particu lar pathogen.
Transferrin has been isolated from m any species o f fish and exhibits a high degree 
of genetic polym orphism  betw een different fish types. M ore than 20  detectable variants 
have been found for hum an transferrin. In coho salmon, a differential resistance to bacterial 
kidney di.sea.se (B K D ) has been found with different genotypes o f  transferrin  (Suzum oto et 
ill, 1977). The genotype CC show s high resistance to BKD, w hereas the genotypes AA and 
AC show high and interm ediate susceptibility respectively. Rped e t al. (1995) produced 
polyclonal and m onoclonal antibodies against salmon transferrin and used these in an 
enzyme-linked im m unosorbent assay (ELISA ). This assay show ed  high sensitivity for 
transferrin with the lowest detectable concentration being 0.5-1.0 ng m l ‘.
4.1.2.5 Interferon
Interferons (IFN ) are proteins or glycoproteins that can inh ib it virus replication. 
Three types o f interferons, a ,  ß and y have been identified in m am m als. The production of 
IFN has also been identified in bony fishes, and G raved and M alsberger (1965) were the 
first to dem onstrate the production o f IFN from cultured cells derived from fathead 
minnows. It is now know n that fish produce m ore than one type o f  in terferon, depending on 
ihc type o f inducer and the type o f  cell stim ulated (A lexander and Ingram, 1992). IFN is
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produced m ainly by sensitised lym phocytes, but also by  o ther leucocytes. G raham  and 
Secombes (1988, 1990) showed th a t leucocytes isolated from  rainbow  trout kidney secreted 
IFN-y like molecules with an tiv ira l and m acrophage activating  factor (M A F) activities 
when stim ulated with a mitogen. R ogel-G aillard  et al. (1993) observed that interferon like 
activity was induced in vitro  f ro m  blood and kidney leucocytes o f rainbow  trout by 
infectious or inactivated E tgved virus, viral hem orrhagic septicem ia virus (VHSV) 
serotypes.
There are also other substances involved in the non-specific  defence system  of fish 
against pathogens. These include lectins (G oldstein et al., 1980), natural agglutins 
(Sindermann and Honey, 1964), precipitins (Jans.sen and M eyers, 1968), naturally- 
occurrring im m unoglobulins (L eslie  and C lem , 1970) and non-im m unoglobulin  antibody­
like molecules (M archelonis and W eltm an , 1971).
4.1.3 Non-.specific immune system : cellular defence
Fish possess a variety o f  non-specific leucocyte types including m onocytes, 
macrophages, granulocytes, and non-specific cytotoxic cells (NCCs). T hey include 
macrophages and granulocytes w h ich  are m obile phagocytic cells found in the blood and 
secondary lymphoid tissues. T h e se  cells are particularly  im portant in inflam m ation 
resulting from microbial invasion o r  tissue dam age and respond by m igrating to the site o f 
inflammation where they kill the pathogens. A lthough the cellu lar activities they elicit are 
non-specific in nature, they are ab le  to interact with cells o f  the specific im m une system , 
thus stimulating these cells and ind u c in g  a specific response.
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4.1.3.1 Macrophages
M acrophages are norm ally found in blood, lym phoid organs such as kidney, spleen, 
and in the peritoneal cavity. They are m ononucleated, derived from  circulating m onocytes 
have an undulating m em brane and have characteristically high levels o f phagocytic or 
pinocytic activity  (Laskin and Lechevalier, 1972). The size o f m acrophages is variable and 
depends on the species o f  fish exam ined, and the state o f d igestion  of ingested material 
(Ellis, 1976; Russell, 1974). During differentiation o f a m onocyte to  a m acrophage, the cell 
enlarges five to  ten fold and its intracellular organelles increase in both num ber and 
complexity, and acquires increased phagocytic activity by p roducing  higher levels o f lytic 
enzymes. T heir surface becom es irregular and develops several finger-like pseudopodia 
which extend during phagocytosis. The large nucleus o f the m acrophage is fairly irregular 
in outline with a slightly m arginated nuclear chrom atin (Tim ur, 1975).
M acrophages are norm ally dispersed throughout the body. Som e o f them  reside in 
particular tissues where they have becom e fixed m acrophages, w hereas others remain 
motile and are called free, or w andering m acrophages. The free m acrophages move by 
amoeboid m ovem ent throughout the tissues. On the other hand, fixed m acrophages serve 
different functions depending on the tissues where they reside. In fish, the spleen is 
composed o f highly phagocytic m acrophages, w ithin a reticulin fibre network, called an 
ellipsoid, in which im m une com plexes are trapped (Ellis, 1982). The m acrophages 
normally in a resting state, can be activated by a variety o f stim uli in the course o f an 
immune response. Phagocytosis o f particulate antigens serves as an initial activating 
stimulus. M acrophage activity can be further enhanced by cy tokines secreted by activated 
Th cells, by m ediators o f  the inflam m atory response, and by bacterial cell-wall products.
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One of the most potent activators o f  m acrophages is in terferon-y  secreted by activated T h 
cells. Ruco and M eltzer (1978) reported  that m acrophages w ere activated in two ways. 
Firstly, inactivated m acrophages w ere prim ed by  the stim ulus o f  low -dose 
lipopolysaccharide (LPS), thioglycolate, com plem ent, lym phokine o r interferon-y. In the 
primed state, m acrophages show ed  increased spreading, alteration  in the cell surface 
receptors and increased m etabolic activity. U nactivated m acrophages can be fully activated 
in vitro by either phorbol m yrista te  (PM A), m itogens including concanavalian  A (Con A) 
and LPS or by calcium  ionophore A23187 (W est, 1990). C om pared with unactivated or 
resting m acrophages, activated m acrophages are m ore efficient in elim inating potential 
pathogens because they exhibit greater phagocytic activity, increased secretion of 
inflammatory m ediators, and a n  increased ability to activate T  cells. A ctivated 
macrophages produce a num ber o f  reactive oxygen and nitrogen interm ediates that have 
potent antimicrobial activity. D uring  phagocytosis, a m etabolic process know n as 
respiratory burst occurs in activated  m acrophages. This process results in the activation o f a 
membrane-bound oxidase (N A D PH ) that catalyses the reduction o f  oxygen to superoxide 
anion, a reactive oxygen interm ediate w hich is extrem ely toxic to ingested m icroorganism s. 
The superoxide anion afso generates other pow erful oxidising  agents, including hydroxyl 
radicals, singlet oxygen, and hydrogen  peroxide. M acrophages have large phagosom es 
where they digest all sorts o f foreign  substances, necrotic debris and even red blood cells. 
Where possible they convert them  into a so luble form so that they can be utilized by the 
body, eliminated as waste or u sed  to prim e the im m une system  to stim ulate an im m une 
response (Ellis, 1976, 1977, 1981; Phrom suthirak , 1977).
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Functionally , m acrophages act as a surveillance system  for the body. They also act 
as accessory cells for the lym phocyte response. A ctivated m acrophages express higher 
levels o f class II M HC m olecules in the cell surface, allow ing them  to function more 
effectively as antigen-presenting cells (K uby, 1997).
4.1.3.2 Granulocytes
G ranulocytes are generally  the first cell to respond in inflam m ation and destroy the 
invading organism s by phagocytosis o r cytotoxic killing (Finn and N ielson, 1971; 
MacArther et al., 1984). In fish, granulocytes are com posed o f neutrophils, eosinophils, 
ba.sophils and m ast cells, but the relative proportion o f the different populations vary from 
one species to another (R ow ley et al., 1988).
G ranulocytes can be isolated along with m acrophages from  blood, lym phoid tissues, 
and the peritoneal cavity, and they can be further isolated from the m acrophages. Lamas 
and Ellis (1994) ob.served that granulocytes adhere to culture vessels, especially if they are 
pre-coated with celloidine. The most conspicuous feature o f isolated granulocytes are the 
granules present in their cytoplasm . The granules can be stained w ith dyes like Sudan black 
or enzymes such as peroxida.se, and can be used to identify the cell type. G ranulocytes are 
polymorphonuclear and this characteristic can also help to identify them. Isolated 
granulocytes, specially neutrophils, are highly m obile, phagocytic and produce reactive 
oxygen species, but their bactericidal activity is often relatively poor com pared to 
macrophages.
I.'i.i
------------------------------------------------------------------------------------------------------------------------------------------------C hapter IV
4.1.3.3 Phagocytosis
Phagocytosis is a p rocess in which phagocytic cells internalize, kill and digest 
invading m icroorganism s. M acrophages and granulocytes are the m ost active and directly  
involved phagocytic cells. In v ivo  and in vitro  studies on phagocytosis dem onstrate that 
monocytes/macrophages and granulocytes (m ostly  neutrophils and in some cases 
eosinophils) are phagocytic and can  ingest a w ide range o f inert and antigenic particles 
(Ainsworth, 1992; Secom bes and  Fletcher, 1992; Steinhagen and Jendrysek, 1994), and 
soluble ligands (D annevig et a l., 1994). M acrophages are capable o f  ingesting and 
digesting exogenous antigens su ch  as whole m icroorganism s, insoluble particles, injured 
and dead host cells, cellular deb ris , and activated  clotting factors. Throm bocytes are also 
described as phagocytic, but the ir phagocytic activ ity  is very low and the ir capability for 
intracellular digestion still rem ains unclear.
Phagocytosis normally occurs in three steps : i) attachm ent o f the particle to the cell 
membrane, ii) ingestion involving the form ation o f  a phagosom e, and iii) breakdow n o f  the 
particle within the phago.some. In the first step o f  phagocytosis, adherence o f  the antigen to 
the phagocyte mem brane is essen tia l and a passive process. Phagocytes are attracted by and 
move toward the antigen, as a resu lt o f stimuli from  the im m une response, a process know n 
as chemotaxis. Fish phagocytes have the capacity  o f  d istinguishing betw een targets, 
suggesting the involvement o f surface receptors. Phagocytosis can  take place in vitro in the 
absence o f serum, indicating th e  presence o f  a num ber o f  lectin-like receptors on 
macrophages. It has been shown w ith  tilapia (O. spiliirus) m acrophages, pre-incubation o f 
macrophages with either L -frucose, D-galacto.se, D -glucose, D -m annose, a -m ethy l 
mannosile, or N -acetyl-D -glucosam ine significantly  inhibits phagocytosis (Saggers and
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Gould, 1989). As the m acrophage m em brane possesses receptors for certain classes of 
antibody and certain com plem ent com ponents, its adherence to the antigen can be increased 
by coating the antigen with the appropriate antibody or com plem ent com ponents. This 
process is know n as opsonization. It has been observed that opsonization o f particles with 
hem olytically active norm al serum  greatly increases their adherence to m acrophages and 
neutrophils, and sub.sequent ingestion (M atsuyam a el al. 1992; Rose and Levine, 1992). 
Johnson and Sm ith (1984) successfully used m am m alian com plem ent com ponents to 
opsonize particles. Serum  com ponent, CRP, has also been dem onstrated to act as an 
opsonin in fish (N akanishi et al., 1991).
Inge.stion o f  an antigen is an active process and can occur by engulfm ent or 
enfoldment. During engulfm ent, the m acrophages extend their pseudopodia around the 
attached antigen and fuse w ith it. Fusion o f the pseudopodia encloses the antigen within a 
nicm branc-bound structure called a phagosom e, which then enters the endocytic processing 
pathway. In this pathw ay, a phagosom e moves tow ard the cell interior, where it fuses with 
a lysosome to form a phagolysosom e. The lysosome contains hydrogen peroxide, oxygen 
free radicals, peroxida.se, lysozym e, and various hydrolytic enzym es which digest the 
ingested material.
4.1.4 Characteristics o f Aeromonas hydrophila and its infection
A. hydrophila  is a bacteria and is a suitable fish pathogen for artificially producing 
disease in tilapia. T herefore, A. hydrophila  was used as the challenge strain in testing 
disease susceptibility betw een the clonal lines in this study.
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The genus Aerom onas is naturally divided into tw o groups, m otile and non-m otile. 
The m esophilic, m otile group com prises A. hydrophila  (synonym , A. liquefaciens), A. 
sorhici, and A. cavicie (synonym , A. hydrophila  subsp. anaerogenes). All three species of 
motile aerom onads have been isolated from  fish, although A. hydrophila  is the most 
frequently isolated and most significant pathogen o f  the th ree  (Frerichs and M illar, 1993).
A. hydrophila  has been  grouped under tbe fam ily  V ibrionaceae. It is a gram ­
negative, rod shaped, m otile m icroorganism , norm ally living in soil and w ater, and is 
capable o f infecting cold-blooded vertebrates and m am m als (Bullock et al. 1971; Popoff 
and Veron, 1976; Ho et al. 1990). It is distributed w idely in clean and organically  polluted 
freshwater, w ater with high sew age levels, and also in the m arine environm ent except 
where the w ater salinity is very extrem e (Hazen et al., 1978; H euschm ann-B runner, 1978; 
Kaper et al., 1981; Newm an, 1982). A. hydrophila  has been  identified as a constituent of 
intestinal micro flora o f healthy fresh w ater or sea w ater fishes (Thorpe and R oberts, 1972; 
Sakata et al., 1980; Newm an, 1982). It has also been identified  as prim ary and secondary 
pathogens in a num ber o f aquatic  and terrestrial anim als including hum ans (H ow ard and 
Buckley, 1985).
A. hydrophila  are characterised  by active m otility from  a single polar flagellum , and 
production o f gas and acid from  carbohydrates. M orphologically , they are straight rods 
measuring 0.5 x 1.0-1.5 pm , facultatively  anaerobic, non-spore form ing, and resistant to the 
vibriostat 0/129. They are cy tochrom e oxidase positive and are able to reduce nitrates. The 
colonies o f A. hydrophila  are generally  w hite to buff, c ircu lar, sm ooth and convex, and can 
be tormed within 24 hrs at 22-28 ”C. The optim um  tem perature for A. hydrophila  cu lture is 
25-30 ”C, but they can grow at a range o f  tem peratures betw een 0-45 "C. They arc readily
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isolated on any general purpose m edium , such as tryptone soy agar, brain heart infusion 
agar and sheep blood agar (B ullock, 1961; R ouf and Rigney, 1971; Newm an, 1982; 
Frerichs and R oberts, 1989; R oberts, 1993). A. hydrophila  can be differentiated from the 
other two m otile aerom onads (A. sorbía  and A. caviae) on the basis o f  carbohydrate and 
other biochem ical reactions. H ow ever, they can be characterized by a variety o f properties 
defined by P opoff and Veron (1976) and Popoff (1984).
A ssociation o f aerom onads w ith disease was first recognised w hen Sanarelli (1891, 
cited by R oberts, 1993) reported an outbreak o f  a disease in eels associated w ith what is 
presumed to have been A. hydrophila  or Vibrio anguillarum . Apart from  fish, A. hydrophila  
has also been iso lated  from  diseased frogs, alligators, turtles, shrim ps, man (Newman, 
1982) and snails (M ead, 1969). The main feature o f the pathogenesis o f all A. hydrophila  
infections in fishes is a generalized  dissem ination in the form of bacteraem ia, followed by 
elaboration o f  toxins, tissue necrosis and the clinical disease know n as haemorrhagic 
septicaemia. Bacterial haem orrhagic septicaem ia results from the infection  of A. hydrophila  
possibly transm itted  to other anim als through water, via diseased and healthy carrier fish, 
and other affected  invertebrates. The disease is also associated w ith external and internal 
parasites (N ew m an, 1982). Frerichs (1989) reported that A. hydrophila  is considered to be 
the principal cause o f bacterial haem orrhagic septicaem ia in fresh  water fish, and is 
associated w ith a variety o f  ulcerative conditions including epizootic ulcerative syndrome 
(EUS) in S outh-E ast Asia (L lobrera and G acutan, 1987; Lio-Po et al. 1992; M illar, 1994). 
Stress factors, such as crow ding, excessive handling, high water tem perature, low dissolved 
oxygen levels, m alnutrition and also seasonal fluctuations are all possible causes o f A. 
hydrophila infection to fish (Rock and Nelson, 1965; Haley et al., 1967; Shotts et al., 1972;
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Snieszko, 1974). Due to the ubiquitous distribution o f the organism , fish can be at risk at 
any time (Frerichs and Roberts, 1989). Snieszko and A xelord (1971) classified disea.se 
caused by A. hydrophila  into the four follow ing categories i) acute, rapidly fatal 
septicaemia with few clinical s igns, ii) an acute form  w ith dropsy, blisters, abscesses and 
scale protrusion, iii) a chronic u lcerative form  with furuncles and absces.ses, and iv) a latent 
form with no signs o f infection.
In this bacterial challenge, clonal lines o f tilapia w ere used to exam ine the genetic 
variation in disease resistance betw een  the lines. The clonal lines are hom ozygous for every  
gene locus and each line may d iffe r  for a particular allele for genes involved in non-specific 
immune response which is expected  to show some variations in di.sease resistance. 
Heterozygous clones were also produced w hich when com pared to  their parental clones 
may suggest genetic basis o f any response.
In the above sections, a general background o f the non-specific im m une system  o f  
fish has been discussed. But in th is  study, .some im m unological param eters such as serum  
lysozyme activity, phagocytosis and respiratory burst o f  head kidney m acrophages, 
hacmatocrit, total num ber o f w h ite  and red blood cell counts, d ifferential white blood cell 
counts and su.sceptibility o f c lona l lines to an artificial bacterial challenge have been 
studied.
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4.2 M aterials and m ethods
4.2.1 Experim ental fish
The non-specific im m une response o f  clonal lines o f O. nilo ticus  was exam ined 
here. The inbred clones were produced from  mitotic gynogenetic fem ales using 
eynogenesis as previously described in C hapter 2. A few groups of gynogenetic outbred or 
heterozygous clones w ere also produced by crossing two different clonal lines again 
explained in C hapter 2. T he unrelated control fish were produced by ordinary  crossing. All 
of the experim ental fishes were reared and m aintained in the recirculating w ater system 
described in Section 2.2.1.1.
4.2.2 Ly.sozyme assay
Lysozym e activ ity  was m easured according to Parry et al. (1965) using a turbidity 
asssay in w hich 0.2 m g ml lyophilized M icrococus lysodeikticus in 0.04 M sodium 
phosphate buffer, pH 5.75 (A ppendix 4.1) was used as substrate. Forty pi o f  fish serum 
was added to 3 ml o f  the bacterial suspension and the reduction in absorbance at 540 nm 
determined after 0.5 min and 4.5 m ins incubation at 22 °C . One unit o f  lysozym e activity 
was defined as a reduction in absorbance o f  0.001 per min.
4.2.3 Phagocytic a.ssay
4.2.3.1 Macrophage isolation and monolayer preparation
.Macrophages w ere isolated from  head kidney o f  tilapia, O. n ilo ticus  by following 
the methods de.scribed by Secom bes (1990). Head kidney tissue was collected from fish 
using sterile forceps and scalpel blades. The collected kidney was w eighed in a sterile vial
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with L-15 m edium  before isolation o f m acrophages to determ ine the total num ber o f 
macrophages per g o f tissue. T he isolated kidney w as placed in a sterile Petri dish 
containing 5 ml o f L eibovitz-15 (L -15) m edium  (Sigm a) and 20 i.u. ml ’ heparin. T he 
tissue was tea.sed through a sterile 100 |xm nylon m esh to form  a cell suspension. This 
procedure was perform ed on ice. C e ll suspensions w ere carefully placed onto  a previously 
prepared 34% /51%  (v/v) Percoll gradient. M acrophages were separated from the cell 
suspension by centrifuging the grad ien t at 400 g for 25 mins at 4 °C. T he band at the 
interface o f the 34% /51%  fractions, enriched with m acrophages, w as co llected  with a sterile 
pipette. The cells were washed tw ice  with fresh L-15 m edium  by centrifuging at 1000 g for 
7 mins at 4 "C. The viable cells w ere  then counted on a haem acytom eter using trypan blue. 
All cells in the four large squares o f  the haem acytom eter were counted and  their num ber 
calculated using the following form ula:
Cells m l ' = average cell num ber p e r large square x 1/dilution x lO'^
The concentration o f m acrophages was adjusted to 5x10^ ml ' using L-15 m edium  
containing 1% penicillin/.streptom ycin (pen/strep).
M acrophage m onolayers w ere  prepared by placing 3(K) pi aliqouts o f the cell 
suspension onto circles o f a sterile  frosted glass slide (Dynex Laboratories: 3 wells per 
slide, 14 mm diam eter per well) an d  incubated at 22 "C for 3 hrs in a hum id cham ber. 
Following incubation, non-adhering cells were rem oved by w ashing three tim es with L-15 
medium. It was important to use m ed ium  o f the sam e tem perature as the incubated cells (22
Iftt)
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T )  since cold m edium  facilitates the detachm ent o f  adherent cells. A fter w ashing, 300 i^l o f 
L- 1 5  m edium  containing 5% foetal calf serum  (F C S )a n d l%  pen/strep was added to each 
well. The slides were then p laced in a hum id cham ber and incubated at 15 ”C for 24 hrs.
4.2.3.2 Determination of adherent macrophage numbers
T he actual num ber o f  adherent m acrophages in the m onolayers was counted using a 
haemacytometer. The m onolayer w as w ashed once w ith L-15 m edium , then 300 pi o f lysis 
buffer (A ppendix 4 .2) was added to each m onolayer and m ixed well by pipette. A fter 2 
mins, the cell suspension w as applied to the haem acytom eter, left for 2 m ins to allow cells 
to settle and nuclei released from  the lysed cells to be counted. The nuclei o f m acrophages 
were counted follow ing the m ethods described in Section 4.2.3.1.
The determ ination o f  m acrophage num bers is im portant so as to be able to adjust the 
bacteria : m acrophage ratio for phagocytosis.
4.2.3.3 F2ngulfment o f bacteria by macrophages
Head kidney m acrophage m onolayers w ere prepared for phagocytosis and washed 
once with L-15 m edium  before use. A 300 p i aliquot o f Aerom onas salm onicida  (strain MT 
(X)4) suspension (5x10^ bacteria ml ')  was added to each m onolayer at a ratio o f one 
macrophage to ten bacteria.
Before adding bacteria to the m onolayers, they were opsonized with 207c (v/v) fresh 
serum from naive fish. Phagocytosis o f A. salm onicida  was carried out for 1 h at 22 "C. 
after which the m acrophages w ere washed 5 tim es w ith phosphate buffer saline (PBS), pH
7.2 (Appendix 4.3), fixed and stained with a Rapi D iff II staining system  (Raym ond A
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Lamb-Laboratory Supplies, L ondon, UK). The slides were m ounted and exam ined under 
oil by light m icroscopy. M acrophages, able o r unable to phagocytose bacteria, were 
determined. Control m acrophages w ithou t bacteria  were also prepared for com parisons.
4.2.3.4 Preparation of bacteria, Aerom onas salmonicida
A. salm onicida  (strain M T 0 0 4 ) was used for phagocytosis. Bacteria were cultured 
on tryptone soy agar (TSA) (A ppendix  4.4 .1) plates at 22 °C and m aintained by 
subculturing plates every 4 to 5 d ay s. One or tw o colonies w ere taken from  the TSA  plate 
and seeded into tryptone soya broth (TSB) (A ppendix 4.4.2) overnight at 22 °C. The culture 
was washed twice with sterile P B S  by centrifuging at 800 g for 10 mins at 4 °C in the 
following m orning. The resultant pellet was then resu.spended in sterile PBS and their 
concentration determ ined spectrophotom etrically  at 610 nm , according to Thom pson 
(1993).
4.2.4 Respiratory burst
A m easurem ent o f  resp iratory  burst o f head kidney m acrophages from tilapia was 
carried out in 96 well m icrotitre p la tes according to Secom bes (1990). A liquots o f 100 pi 
macrophage cell suspension were p laced  in each well and m acrophage m onolayers were 
prepared following the procedure explained in Section 4.2.3.1. Before adding N B T or 
PMA to the wells, the m acrophage m onolayers were w ashed with L-15 m edium  and the 
number of adherent cells in each m onolayer determ ined using lysis buffer follow ing the 
methods de.scrihed in Section 4 .2 .3 .2 . A 100 p i aliquot o f N B T, dis.solved at 1 mg ml ' in L- 
LS medium was added to half o f the  wells, and NBT, at the sam e concentration, with added
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PMA (1 |il ml ' o f  L-15 m edium ) was p laced in the o ther half o f  the wells. The plate was 
incubated for 1 h at 20 °C. The m edium  w as rem oved from the wells and the cells were 
fixed with 100% m ethanol for 5 mins. The cells w ere w ashed several tim es w ith 70% 
methanol and allow ed to air dry. An aliquot o f 120 p.1 o f  2M KOH and 140 p.1 o f dimethyl 
sulfoxide was added to each w ell to d issolve the blue form azan generated by the reduction 
of NBT. The turquoise-blue coloured solution in the w ells was then read in a multiscan 
spectrophotom eter at 610 nm.
4.2.5 Counting o f white and red blood cells
Blood was collected from  the caudal vein o f  anesthetized tilapia by using 21 g 
sterile needles. B oth  erythrocytes and leucocytes w ere counted using a haem acytom eter. 
The blood was d ilu ted  1/1000 in PBS to count erythrocytes w hereas blood was diluted 
1/100 in PBS for leucocytes. D ifferential white b lood cell counts were carried out by 
staining blood sm ears with Rapi D iff II staining system .
4.2.6 Haematocrit measurements
Heparin coated  haem atocrit capillary  tubes w ere filled w ith blood and one end 
sealed with C ristaseal. The tubes were later centrifuged at 10,000 rpm  for 3 m ins in a 
haematocrit centrifuge (H aw ksley and Sons Ltd., Lancing, W . Sussex). The haem atocrit 
was expressed as a percentage o f  packed red blood cells against total blood volume.
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4.2.7 Bacterial challenge
4.2.7.1 Preparation o f inoculum
Susceptibility to a bacterial challenge in vivo  was carried out w ith different clonal 
lines of tilapia, O. niloticus. A. hydroph ila  (strain T4) isolated from  L. rohita  during an 
outbreak o f epizootic ulcerative syndrom e in B angladesh (M illar, 1994) was used as the 
challenge strain. The bacteria was cu ltu red  in TSB  for 24 hrs at 22 °C follow ing removal 
from -70 "C preservation. The broth cu ltu re  was plated out onto TSA  for 24 hrs at 22 °C to 
check the purity o f the culture and th is  was used as a stock plate. O ne or tw o colonies o f 
the bacteria w ere rem oved from  the p la te  and cultured in TSB m edium  for 24 hrs at 22 °C. 
The bacteria w ere harvested by cen trifug ing  at 800 g for 10 mins. The resultant pellet was 
washed twice w ith sterile PBS and th en  finally resuspended in PBS. Bacterial concentration 
was determ ined by relating the absorbance o f the suspension at 610 nm to a pre-made 
standard curve relating concentration to  absorbance. This curve is presented in Appendix 4 
Figure 1. The bacterial suspension w as  adjusted to 5x10^ cells ml ' w ith sterile PBS and 
used for the challenge.
4.2.7.2 Standardisation of optimum dose of A. hydrophila (T4) for challenge
A prelim inary experim ent w as perform ed to optim ise the dose o f  A. Iiydrophila  tor 
challenge.
Initially three fish were used. A bacterial suspension was prepared following the 
procedure described above. Suspensions o f the bacteria were prepared at concentrations o f 
Ix l tf ,  1x10^ and 1x10^ cells ml V iab le  plate counts o f  bacterial suspensions were also 
prepared for each and the exact concentrations used were 1.6x lO", 1.5x 10^ and 1 ..“ix 10*’ cells
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m l''respectively. A d o se  o f 0.1 ml o f each o f the three suspensions were injected 
intraperitoneally (ip) into three fish (one fish for each  concentration). All three fishes died 
within 12-20 hrs after injection. Sym ptom s o f infected fish included slow  m ovem ent and 
remaining near the surface o f the water. Exam ination o f the gross pathology o f  dead fish 
showed a m arked hyperem ia and petechial haem orrhage on the body surface, base o f fins 
and external site o f the operculum . The anus was reddish , the abdom en was sw ollen, and 
the injection site was .sometimes sw ollen and haem orrhagic (Figure 4.1).
Since the first bacteria  challenge was too severe it was repeated with a low er dose 
of bacteria. Five fish and five different bacterial concentrations (1x10^, 1x10^, 1x10^, 1x10'* 
and 1x10* cells ml ')  w ere  used. T he viable counts o f the suspensions were 0.9x10^, 
0.9x10^, 0.8x10*, 1.1x10'*, and 0.9x10* bacteria m f ' respectively. The fish which were 
injected i.p. with 0.1 ml o f  IxlO ’ bacteria ml ' died w ithin 16 hrs. The dead fish all showed 
typical gross pathology o f  A. hydrophila  infection as described above. Fish injected with 
the other concentrations d id  not die, and no signs o f  infection were evident.
The results o f prev ious two trials show ed that fish injected with 1x10^ cells ml ' 
died within 16 hrs, and in the second trial no m ortalities occurred in fishes injected with 
1x10*'cells ml ' or less. Therefore, it w as assum ed that a concentration betw een 1x10^ 
and lx 10*’ cells ml ' w ould  be an ideal do.se to produce sufficient clinical signs o f  infection, 
but keep the level o f  mortality to a m inim um . Four bacterial suspensions containing 
1x10^, .SxlO*’, lx  10*" and 5x10* cells ml ' were prepared and viable plate counts showed the 
bacterial concentrations to  be 0.8x10^, 5.3x10*’, 1.2x10*’, 5.5x10* cells ml ' respectively. 
Each suspension was injected i.p. into four fish w ith a dose o f  0.1 ml per fish. All fish 
injected with 1 x 10  ^ bacteria  ml ' died within 20 hrs post injection, two fish injected with
I6.S
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4.3.1.2 Bacterial challenge
Bacterial challenge was carried out on the d ifferent groups o f tilapia to examine 
their susceptibility to A. hydrophila  infection. Three groups o f fish, inbred clone 
009356316 (IC L  A ), inbred c lo n e  010036092 (ICL B) and  an unrelated control group 
(URC), 12 fish from  each group w ere used in the challenge.
At least tw o  weeks befo re  the challenge, fish (50-56  g) were transferred to the 
challenge room  to allow  acclim atisation to their new environm ent. They were m aintained in 
six 120 1 aquaria divided into th ree sections w ith Perspex partitions. Four fish from each 
group were p laced in each section  to give a total o f 12 fish per tank. Fish in three o f the 
tanks were in jected i.p. with 0.1 m l o f the bacterial suspension (5x10^ cells ml '). The same 
volume of sterile PBS was in jected  into fish in the three rem aining tanks. These were used 
as control fish. T he challenge experim ent w as continued fo r a period o f six days after 
injection and during  this period n o  food was given to any o f  the fish. To m aintain the water 
quality, 2/3 o f the aquarium  w ater along with .solid w astes w as siphoned out twice a day 
using a disinfected PVC pipe and  the aquarium  was then filled  up with fresh w arm ed water 
(28 ±1“C). A dditional aeration w as also provided to each aquarium . After injection, fish 
were observed at 4  h intervals fo r  mortalities. All dead fishes were rem oved and bacterial 
swabs taken from  the outer ed g es o f skin lesions and from  their kidney, and cultured on 
TSA plates. Isolated A. hydrophiUi was confirm ed using conventional m ethods (Cowan and 
Steel, 1993) and the API 20E system  (bio M ericux, France) (A ppendix 4.5).
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4.3.1.3 Results
4.3.1.3.1 Immunological assays
The non-specific im m une responses determ ined included serum  lysozym e activity, 
haematocrit values, differential white blood cell counts and phagocytosis and respiratory 
burst of head kidney m acrophages betw een the different groups o f fish. The haem atocrit, 
differential W BC counts and respiratory burst results did not show  any significant 
difference between the th ree  groups o f fish (Table 4.1). The lysozym e activity in the serum  
of the clonal line, related an d  unrelated controls w ere significantly different (P<0.05) from 
each other (Figure 4.2). During phagocytosis, m acrophages o f fish extend their
C L U R C
F ig u r e  4 .2  S e r u m  l y s o z y m e  a c t iv i t y  in  th e  d i f f e r e n t  g r o u p s  o f  t ilu p iu . O . n i lo t ic u s .
C L -C lo n e  (K ) 2 0 4 1 8 8 7 ,  R C -R e la te d  c o n tr o l ,  U R C -U n r e la t e d  c o n tr o l
C o lu m n  w ith  d if f e r e n t  le t te r s  (a , b , c )  in d ic a te  s ig n i f i c a n t  d i f f e r e n c e  at P < ().()5  
F if te e n  f is h  w e r e  s a m p le d  p e r  g r o u p
170

___________________________________________________________________________________________________________________ C h a p te r  IV
pseudopodia around the bacteria  and engu lf them  (Figure 4.3). The percentage o f 
macrophages able to  phagocytose bacteria from the three groups o f fish is presented in 
Figure 4.4. Fish in th e  three groups contained sim ilar num bers o f  m acrophages which were 
unable to phagocytose bacteria o r were able to phagocytose betw een 1 and 9 bacteria, but 
the number o f m acrophages containing >10 bacteria w as significantly higher (P<0.05) in 
the unrelated contro l group com pared with the other tw o  groups.
2 m icron s
F ig u r e  4 .3  P h a g o c y t o s i s  o f  b a c te r ia  b y  h e a d  k id n e y  m a c r o p h a g e s  in  t i la p ia , O. n i lo t ic u s  
A r r o w s  s h o w i n g  th e  p h a g c K y to s e d  b a c te r ia  in  th e  c y t o p la s m  o t  m a c r o p h a g e s
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F ig u r e  4 .4  P h a g o c y t ic  a c t iv i t y  o f  m a c r o p h a g e s  in  d if fe r e n t  g r o u p s  o f  t i la p ia .  
O. n i lo l ic u s
C L - C l o n e  0 0 2  0 4 1 8 8 7 ,  R C -R e la te d  c o n tr o l ,  U R C - U n r e la t e d  c o n tr o l
C o lu m n  w ith  d if fe r e n t  l e t t e r s  (a , b )  in d ic a te  s ig n i f i c a n t  d i f f e r e n c e  at P < 0 .0 5  
F iv e  f i s h  w e r e  s a m p le d  p e r  g r o u p  a n d  2(K) m a c r o p h a g e s  w e r e  c o u n te d  p e r  f is h
4.3.1.3.2 Bacterial challenge
After i.p. injection w ith A. hyürophila, fish  in all groups showed slow m ovem ent 
and stayed near the surface o f  the water. They started  to die 12 hours after injection. The 
gross pathology o f  the dead fish show ed a typical A. hydrophihi infection as described  in 
Section 4.2.7.2. Fish m ortalities due to A. hydrophila  infection occurred over the co u rse  of 
the first two days o f  the challenge with 50 % m ortalities in ICL B, 16.7 % in ICL A  and 
41.67 % in the URC. The cum ulative m ortalities o f different groups o f fish during
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bacterial challenge are presented in Figure 4.5. Six days after injection, fish w hich had 
survived were sam pled  for A. hydrophila, but it w as only possible to re-isolate the 
bacteria from IC L  B fish w ith 33.3 % o f  the surviving fish carrying the bacterium  (Figure 
4.6). Table 4.2 sh o w s the response o f d ifferent groups o f tilap ia  to A. hydrophila  infection. 
The analysis o f to ta l infection (m ortality  plus survived) in different groups o f  fish showed 
that ICL B had a significantly  higher (P<0.05) num ber o f  infected fish than ICL A and the 
URC group. No d ea ths or infection w ere found in the contro l group injected w ith sterile 
PBS.
D ay
F ig u r e  4 . 5  C u m u la t iv e  m o r ta l i t ie s  (% ) o f  t i la p ia  d u r in g  a n  a r t if ic ia l  c h a l l e n g e  b y  
A. h y d r o p h i la  (T 4 )
IC L  A - I n b r e d  c lo n e  (K )9 3 5 6 3  1 6 , IC L  B -I n b r e d  c lo n e  0 H K ) 3 6 0 9 2  
U R C - U n r e la t e d  c o n tr o l
T w e l v e  f i s h  w e r e  u s e d  p e r  g r o u p
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4.3.2 Experiment 2
Due to the  unavailability  o f  sufficient clonal groups o f fish, it was not possible to 
directly com pare the non-specific im m une responses obtained betw een clonal groups in 
the first experim ent w ith  fish used for the bacterial challenge. T he purpose o f the first 
experiment w as m ainly to standardise im m unological param eters for tilapia and the 
results o f this could  then be used as base line inform ation for the second experim ent. 
After the first experim ent sufficient inbred and outbred clonal groups o f fish were 
produced, so as to carry out a com parative study o f the non-specific im m une responses 
between clonal g roups and their resistance to a bacterial challenge.
4.3.2.1 Immunological assays
In order to com pare the im m une responses betw een inbred and outbred clonal 
lines, most o f the im m unological assays perform ed in the previous experim ent were 
conducted here. Three inbred clonal lines (ICL), three outbred clonal lines (OCL) and an 
unrelated contro l (U R C ) group were u.sed. The inbred clonal lines were designated as 
before by the m ito tic  m other’s tag num ber, 009356316 (ICL A), 010036092 (ICL B), 
006812566 (IC L  C) and the outbred clonal lines were designated by the parents tag 
number, 009356316 x 010036092 (OCL A xB ), 010036092 x 006812566 (O CL BxC) 
and 006812566 x 009356316 (O C L CxA). The outbred clones were produced by 
crossing a m ito tic  fem ale from one line with a sex reversed m ale from  another line (see 
Section 2.2.12.2). A total o f 70 fish, 10 from  each group were used in the analyses, and 
one fish from each  group was sam pled on each sam pling day.
The data from  the haem atocrits, ly.sozyme activity and differential W BC counts 
and the levels o f  phagocytic activity o f m acrophages o f  different groups o f fish were 
analysed fo llow ing the m ethods described in Section 4.2.8.
1 7 6
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4.3.Z.3 Results
4.3.2.3.1 Immunological assays
N on-specific im m une responses in the inbred and outbred clonal lines and an 
unrelated control g roup  were exam ined. For this study, a variety o f basic im m unological 
parameters such as serum  lysozym e activity, haem atocrit m easurem ent, differential 
WBC counts, R B C  counts, estim ate o f  m acrophage num ber per g o f head  kidney and 
phagocytosis o f m acrophages were carried out. T he lysozyme activity in the serum  of 
ICL C was significantly  h igher (P<0.05) than in IC L  A and ICL B, bu t the latter tw o 
groups were not significantly  d ifferent to each other. The O CLs show ed an interm ediate 
level of serum lysozym e activ ity  to that o f their parents. The ly.sozyme activity  in OCL 
BxC and OCL C x A  were significantly  higher (P<0.05) than the ICL A, IC L  B and OCL 
AxB, and significantly  lower than the ICL C, but they were not significantly  different to 
each other. On th e  other hand, the U RC group show ed significantly h igher (P<0.05) 
level of lysozym e activity than ICL A, ICL B and O C L  AxB (Figure 4.7 and Table 4.3).
The analysis o f haem atocrit show ed ICL A and ICL C had sim ilar significantly 
low values com pared  to all o ther groups which w ere not significantly  different from 
each other (Table 4.4).
In the phagocytic assay, the m acrophages w hich phagocytosed bacteria were 
classified into three categories, m acrophages with no phagocytosed bacteria, 
macrophages con tain ing  one to  nine (1-9) bacteria and m acrophages contain ing ten or 
more (>10) bacteria  (Table 4 .3). Significant differences were observed between the 
different groups o f  fish in the  num ber o f their m acrophages contain ing  0 and >10 
phagocytosed bacteria , but the num ber o f m acrophages with 1-9 bacteria  were alm ost 
the same betw een fish groups. The num ber o f m acrophages which w ere unable to
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C o lu m n  w ith  d if f e r e n t  le t te r s  (a , b , c )  in d ic a te  s ig n i f i c a n t  d i f f e r e n c e  at P <  0 .0 5  
T e n  f is h  w e r e  s a m p le d  p e r  g r o u p
phagocytose bacteria was highest in the ICL B and low est in ICL A. It was found tha t 
the num ber o f  m acrophages containing 0 bacteria in ICL B was significantly higher than  
in the ICL A, ICL C and OCL AxB fish. The U R C  group show ed the second highest 
level, which was not significantly different from any other groups, o f m acrophages 
containing 0 bacteria. On the other hand, the num ber o f m acrophages containing > 1 0  
bacteria was highest in ICL C and lowest in ICL B with a significant difference o f  
P<0.05 between them. All o f  the OCL groups had levels o f phagocytosis in term ediate 
between that o f their parents, and these levels w ere not significantly different to each  
other (Figure 4.8). The estim ation o f initial num ber o f  total m acrophages per g o f head
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( K ) 6 8 I 2 5 6 6 ,  O C L  A x B -O u t b r e d  c l o n e  A x B .  O C L  B x C -O u t b r e d  c lo n e  B x C ,  O C L  C x A -  
O u tb r e d  c l o n e  C x A , U R C - U n r e la t e d  c o n tr o l
S im ila r  c o lu m n s  w ith  d i f fe r e n t  le t t e r s  (a . b . c .  d )  in d ic a te  s ig n i f i c a n t  d i f f e r e n c e  at P < 0 .0 5  
T e n  f is h  w e r e  s a m p le d  p e r  g r o u p  a n d  2(X) m a c r o p h a g e s  w e r e  c o u n t e d  p e r  f is h
kidney tissue in different groups show ed that the ICL C  had significantly higher 
(P<0.()5) num ber o f  m acrophages than all other groups except URC. A lthough, except 
ICL C, the total num ber o f  m acrophages per g o f kidney tissue was sim ilar in all o ther 
groups, the calcu lated  proportion o f m acrophages containing >10 phagocytosed bacteria 
showed considerable variation betw een groups. The ICL B and ICL C show ed lowest 
and highest proportion  o f m acrophages with >10 bacteria respectively and the O CLs had 
an intermediate proportion betw een that o f  their parents except O CL AxB w hich
ISO
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T a b le  4 .4  H a e m a t o c r i t  m e a s u r e m e n t ,  to ta l a n d  d if f e r e n t ia l  W B C  c o u n t s ,  R B C  c o u n t s  in  d i f f e r e n t  g r o u p s  
o f  t ila p ia , O. n i lo t i c u s .
; Fish 
' group
1
Hacmatocrit
(% )
Differential W B C  Counts (x lO ^ce lls  ml ' )  ^ Total no. of 
W B C  (xIO** 
m l ' )
No. of R B C  
(x  lO'  ^cells 
m l ' )
Neutrophil Lymphocyte Throm btx:yte Monocyte
IC L A .30.1 ±  0.67'’ 0.2.3 ±0.0.3 10.39 ± 0 .4 3 2.33 ±  0.28 0.01 ±0.01 1.34 ± 0 .0 3 2.07 ± 0  09
IC I.B 33.9 ± 0 .8 5^ 0.23 ±  0.03 9.94 ±  0.38 2.79 ± 0 .3 9 0 1.30 ± 0 .0 6 2.31 ± 0  12
IC L C 28.4 ± 0  4.3*’ 0 .2 2 1 0 .0 6 10.80 ±0  68 3.18 ± 0 .3 3 0.01 ±0.004 1.42 ± 0 .0 8 1 .99 10 .1  I
eXTL
.AxB
33.2 ± 0  .31" 0.22 ± 0 .0 6 9.10 ± 0  .34 2.34 ± 0 .1 8 0.02 ± 0 .01 I . I 9 ± 0 . 0 3 2.04 ± 0  .10
O C L
! BxC
1----------------
33 4 ±  0..38" 0.42 ±  0.06 9.98 ±0 47 2.91 ± 0 .3 7 0.01 ±0.01 1.33 ±  0.07 2 23 ±  0.09
O C L  
' C xA
.36.3 ±  1.0* 0.31 ± 0 .1 3 9.61 ± 0 .6 3 4.10  ± 0 .3 8 0.02 ± 0 .01 1.42 ± 0 .0 9 2 44 ± 0  14
1 I R C .33.3 ±  0.96" 0.29 ± 0 .0 9 9 24 ±0 67 3.09 ±  0..30 0.02 ± 0 .01 1.26 ± 0 .0 3 2.02 ± 0 .1 0
ICL A=lnhred clone (X )9.'i563l6. IC L  B=lnbred clone 010036092. IC L  C=lnbred clone 0068I2.S66. O C L  A xB =O utbred  clone 
(XW3.S63I6 x0l(K)36092. C X :L  BxC=O utbred clone 010036092x006812.S66. O C L  CxA = O utb re d  clone 00681 2.S66x0093.S6316. 
L’RC=Unrelaied control
Numbers with different superscript letters (a. b ) indicate significant difference at P<0.()5 
Ten iish were sampled per group for all the immunological parameters 
 ^20() while blood cells W'cre counted per fish
4.3.2.3.2 Bacterial challenge
Fish in jec ted  with A. hydrophUa  started to die w ithin 12 hrs after the injection. 
Fish mortality due to  A. hydrophila  first occurred in the ICL B w hich reached 50% after 
the lirst 2 days post injection (alm ost identical to the first trial) and cum ulative m ortality 
ot 56.67% was found over the 6 days experim ental period. M ortalities were also 
observed in o ther groups o f  fish, but at a low er level. Fish in the ICL A and ICL C 
showed only 3.33%r (16.7%  in first trial) and 6.67%  m ortality respectively over the 
experimental period , thus indicating a strong resistance to the challenge pathogen. The 
OCL AxB, O CL B xC  and O CL CxA show ed a sim ilar trend in the level o f m ortalities.
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w hich were 20% , 13.33% and 10% respectively. The cum ulative m ortalities o f different 
groups o f  fish during the challenge period are presented in Figure 4.9. All dead fish 
show ed typical sym ptom s o f A. hydrophila  infection described in Section 4.2.7.2.
■ICL A ■ICL B A  - - ICL C
0.5
F ig u r e  4 .9  C u m u la t iv e  m o r ta l i t ie s  (% ) o f  t i la p ia  d u r in g  an  a r t if ic ia l  c h a l le n g e  
b y  A . h y d r o p h i la
IC L  A - ln b r e d  c lo n e  (K ) 9 3 5 6 3 I 6 .  IC L  B - ln b r e d  c l o n e  0 1 0 0 3 6 0 9 2  
IC L  C -I n b r e d  c lo n e  (K )6 8 1 2 5 6 6 ,  O C L  A x B -O u t b r e d  c lo n e  A x B  
O C L  B x C -O u t b r e d  c l o n e  B x C , O C L  C x A -O u t b r e d  c l o n e  C x A
T h ir ty  f is h  w e r e  u s e d  fo r  e a c h  g r o u p
At the end o f  the experim ent (6 days after injection), all surviving fish were 
sam pled for A. hydrophila. The re-isolation o f  bacteria showed that in the ICL groups, 
16.67% o f fish in the ICL B were infected with A. hydrophila, whereas in the OCL 
groups, 3.33%  and o f the surviving fish in O C L BxC and OCL CxA respectively
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carried the bacterium  (Figure 4.10). Table 4.5 show s the susceptib ility  o f different 
clonal groups o f tilap ia  to A. hydrophila. A m ong all fish groups, the ICL B fish showed
I Infected (mortality) ■  Infected (survived) □  Non-infected
a b
a b  a b
l l
ICL A ICLB ICLC OCL AxB OCL BxC OCL CxA
Fish group
F ig u r e  4 .1 0  S u s c e p t ib i l i t y  o f  t i la p ia  to  A . h y d r o p h i la  a f t e r  an  a r t if i c ia l  c h a l le n g e
ICI A -I n b r e d  c l o n e  ( K ) 9 3 5 6 3 I 6 ,  IC L  B -I n b r e d  c lo n e  0 I { X )3 6 ( )9 2 ,  I C L  C -I n b r e d  
c lo n e  ( K ) 6 8 I 2 5 6 6 ,  O C L  A x B -O u t b r e d  c lo n e  A x B ,  O C L  B x C -  O u tb r e d  c lo n e  
B x C , O C L  C x A -  O u tb r e d  c lo n e  C x A
C o lu m n s  w ith  d i f f e r e n t  le t te r s  (a , b , c )  in d ic a te  s ig n i f i c a n t  d i f f e r e n c e  at P < (),()5  
T h ir ty  f is h  w e r e  u s e d  fo r  e a c h  g r o u p
S ig n if ic a n t  in f e c t i o n  le v e l s  in  d if fe r e n t  c lo n a l  l in e s  a re  a l s o  p r e s e n te d  in T a b le  
4..S
more susceptibility to  A. hydrophiUi, and the total num ber o f  infected (m ortality  plus 
survived) fish in ICL B  was significantly higher (P<0.05) than all other fish groups. The 
OCL groups all show ed  A. hydrophila  infection, but the num ber o f  fish infected was not 
significantly different betw een the groups. The level o f  infection in fish in the OCL AxB 
was significantly h ig h er (P<0.05) than that o f  the ICL A and significantly  lower
1 8 4
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(P<0.05) than the ICL B. In the OCL BxC, the total num ber o f  infected fish was 
significantly low er (P<0.05) from  the ICL B but not from  the ICL C. The O CL CxA did 
not show any significant difference for its infection level from any o f  the parental 
groups. N o  deaths or infection were found in the contro l groups injected with sterile 
PBS.
Each group o f  fish was m aintained in three sim ilar sized tanks (10 fish per tank) 
during bacterial challenge. A pparently a little intra-group variation was found in all the 
fish groups, but due to the sm all num ber o f fish intra-group variations could not be 
analy.sed.
T a b l e  4 .5  R e .s p o n s e  o f  d i f f e r e n t  c lo n a l  g r o u p s  o f  t i la p ia ,  O . n i lo t ic u s  to  an  a r t if ic ia l  
b a c te r ia l  c h a l le n g e  w ith  A . h y d r o p h i la
I C l A -I n b r e d  c l o n e  ( X ) 9 3 5 6 3 I 6 ,  IC L  B -I n b r e d  c lo n e  0 I ( K ) 3 6 0 9 2 ,  IC L  C -I n b r e d  c lo n e  
0 0 6 8 1 2 5 6 6 ,  O C L  A x B -O u t b r e d  c lo n e  A x B ,  O C L  B x C -  O u tb r e d  c lo n e  B x C , O C L  C x A  
- O u tb r e d  c lo n e  C x A
F is h  g r o u p s  w ith  d if f e r e n t  s u p e r s c r ip t  le t te r s  (a ,  b , c )  in d ic a t e  s ig n if ic a n t  d i f f e r e n c e  
a t P < ( ) .0 5  fo r  th e ir  l e v e l s  o f  in f e c t io n
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4.4 Discussion
The non-specific  im m une response was com pared betw een presum ably 
genetically different g roups o f tilapia, O. niloticus, using an array o f  non-specific 
immunological param eters. U ntil now , little literature has been available on the im m une 
response o f tilapia (O. niloticus). Therefore, a prelim inary study (Experim ent 1) w as 
carried out here to standardise assays for the non-specific im m une responses o f these 
fish as well as to determ ine which assays should be used in a larger study.
In the prelim inary  study, a clonal line, its related and unrelated control groups 
were used. During this study only one clonal line w ith sufficient num ber o f individuals 
was available. The resu lts  o f haem atocrit, d ifferential w hite blood cell counts, and 
respiratory burst o f m acrophages show ed no significant difference betw een groups o f 
fish. The serum  lysozym e activity and phagocytosis o f m acrophages show ed significant 
differences between the three fish groups, and there was a correlation betw een lysozym e 
activity and phagocytosis. The correlation co-efficient betw een increa.se in .serum 
lysozyme activity and phagocytosis o f  m acrophages w ith >10 phagocytosed bacteria w as 
r= 0.49 (P<0.05, n=15). M acrophages w ith 0  and 1-9 phagocyto.sed bacteria did not 
show significant correlation  with lysozym e. The lysozym e activity o f  the clonal line, 
related and unrelated con tro l groups were significantly d ifferent (P<0.05) from each 
other. On the other hand , the phagocytic activity o f  these three groups d id  not show any 
significant difference betw een  them  for the first tw o categories o f  phagocytosis (i.e. 0, 
1-9 phagocyto.sed bacteria) and only significantly  higher (P<0.05) num ber o f  
macrophages contain ing >10 bacteria was observed in the unrelated control group 
compared to other tw o  groups. This type o f categorisation o f phagocytosis w as 
previously used by H ardie et al. (1990) w ho observed that A tlantic salm on, Salm o .solar 
maintained on diets w ith  different am ount o f  vitam in E produced different levels o f  
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lysozyme activity and phagocytosis o f  m acrophages. Fish groups fed with lower 
amounts o f v itam in E show ed higher levels o f lysozym e activity and significantly higher 
number o f m acrophages w ith 1-9 phagocytosed bacteria  com pared to higher vitamin E 
fed group. In the > 10  phagocytosed bacteria category, the opposite result was found. 
Leung et al. (1995) observed that m acrophages activated  with Freund’s com plete 
adjuvant (FCA) take  up m ore A. hydrophila  and faster than non-activated macrophages.
M em bers o f  the other tw o clonal lines ICL A, IC L  B, and an URC were used for 
the bacterial challenge with a pathogenic strain A. hydrophila  (T4). Am ongst these three 
groups, ICL B appeared m ost susceptible to the bacterium  although 16.7% and 41.7%  
fish from ICL A and  URC groups died respectively in the first two days o f the challenge 
due to A. hydrophila  infection. The rest o f the fish from  these tw o groups survived 
without succum bing to infection. In contra.st, 50%  o f fish from ICL B died over the first 
two days o f in jection  and 33.3%  were infected although they did not die. These fish 
were, however, infected  with high levels o f  A. hydrophila  at localised sites o f  the body, 
such as the eye, the peritoneum  or the site o f injection. M illar (1994) reported an intra­
muscular injection o f  A hydrophila  (T4) with a concentration  o f 3.2x10^ cell ml ' to 
tilapia, O. niloticii.s killed the fish w ithin 18 hrs and produced severe focal lesions. A 
similar response by O. niloticu.s to A. hydrophila  (T4) w as observed with localised skin 
lesions progressing to fatality in a high proportion o f  the infected fish (Suthi, 1991). 
Angka et al. (1995) reported that the in tra-m uscular in jection o f  A. hydrophila  to catfish, 
Claria.s ^ariepinu.s caused severe skin and m uscle lesion at the injection sites o f 
tingcrlings, and fish began to die at 18 hrs after injection. Sharifpour (1997) observed 
that the intra-m uscular injection o f  A. hydrophila  (T4) at a concentration o f 5.3 x 10*’ 
cells ml ' cau.sed infection in com m on carp, C. carpió  and  fish started to die within 12 
hrs with one quarter o f  the injected fish dying between 12-24 hrs after injection.
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Statistical analyses of the challenge results show ed a significantly  higher level of 
resistance o f ICL A to A . hydrophila  than ICL B. Since the two inbred clonal lines were 
genetically different, th a t is, they were hom ozygous for different allelic form o f genes or 
different haplotypes o f  a  gene, it m ight be argued that the particular allelic form  or 
haplotype o f genes in th e  ICL A were m ore effective at eliciting an im m une response 
against the bacteria than the ICL B. The bacterial challenge used here reflects the non­
specific im m une response o f the fish in vivo, while the M HC com plex controls specific 
T-cell responses. T he im m unological studies perform ed in vitro  to exam ine 
phagocytosis and lysozym e activity in clonal group o f fish could not be com pared 
directly with the challenge results since different clonal lines were used for the two 
studies, sim ply because insufficient fish w ere available to perform  such analysis.
In the second experim en t, three d ifferent inbred clonal lines (IC L A, ICL B, ICL 
C), three outbred clonal lines (O CL AxB, O C L BxC, O CL C xA ) and an unrelated 
control group o f tilap ia  were used. Based on the results obtained from the first 
preliminary experim ent, the sam e non-specific im m unological param eters were studied 
in the second trial w ith  the exception o f  the respiratory burst assay. The respiratory 
burst by head kidney m acrophages was not studied because the results obtained from the 
first experim ent did not show  any significant difference betw een the different groups o f 
fish, and a poor level o f  consistency in the replicates w ithin a fish group was found.
Both lysozyme activ ity  and haem atocrit values in the second study show ed some 
significant differences betw een  groups o f fish, but there was no correlation betw een the 
two parameters. The IC L  C show ed significantly higher (P<0.05) levels o f ly.sozyme 
activity than the ICL A and ICL B. The O CLs show ed an interm ediate response to that 
of their parents. The O C L  BxC show ed significantly  higher (P<0.05) level o f lysozym e 
activity than that o f th e  ICL B and significantly  low er (P<0.05) than the ICL C. 
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Similarly, the lysozym e activity  in the OCL C xA  was significantly  higher (P<0.05) than 
that o f the ICL A and significantly  low er (P<0.05) than the ICL C. The interm ediate 
lysozyme activity levels o f  the O CL BxC and O C L  CxA to  that of their parents suggest 
genetic effects for this trait. The lysozym e values o f  both O C L  BxC and OCL CxA were 
closer to the m id-parent values w hich suggested additive parental effects in both the 
outbred clones. The O C L  AxB show ed a higher level o f lysozym e activity (not 
significant) than tho.se o f  both parents and th is higher lysozym e activity suggesting 
likely positive heterosis in  the outbred clones. Grinde e t al. (1988) reported a wide 
variation in kidney lysozym e activity betw een different fish species and within a 
species. They observed that rainbow trout in different localities had 5 to 10 fold intra­
species variation in lysozym e activity w hich suggested an existence o f a genetic 
influence on the lysozym e levels. The haem atocrit values o f the O C L AxB and OCL 
BxC lay som ew here betw een that o f their parents. The heam atocrit value o f  the OCL 
AxB was significantly higher (P<0.05) than that of IC L  A and sim ilar to ICL B. 
Likewise, the O C L BxC show ed significantly higher haem atocrit value than the ICL C 
and sim ilar to ICL B. T he OCL C xA  did not show any sim ilarity with that o f their 
parental haem atocrit values and it was significantly h igher (P<0.03) than both ICL A 
and ICL C. The haem atocrit values o f  the O CL AxB and O C L  BxC were nearer to that 
of the com m on parent IC L  B than the ICL A and ICL C  respectively which suggested 
dominant effect o f  the ICL B on the outbred crosses.
In phagocytosis, the phagocytic activity of m acrophages w ere classified into 
three categories, m acrophages w ith 0 bacteria, 1-9 bacteria  and >10 bacteria. The 
phagocytic activity o f all fish groups showed a correlation with their serum ly.sozyme 
activity. The correlation co-efficient between serum  lysozym e activity and phagocytosis 
of m acrophages contain ing  >10 phagocytosed bacteria w as r=0.38 (P<0.005, n=56). 
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M acrophages contain ing 0 and 1-9 phagocytosed bacteria did not show significant 
correlation with the lysozym e activity. The IC L C group exhibited the highest level o f 
lysozyme activity and at th e  same tim e had the highest num ber o f m acrophages w ith >10 
phagocytosed bacteria. S ince m acrophages produce lysozym e this result indicated that 
the higher phagocytic ac tiv ity  o f m acrophages resulted in an increased production o f 
lysozyme. The m acrophage phagocytic activity o f the OCLs fish show ed correlation 
with their lysozyme activ ity  and dem onstrated an interm ediate phagocytic activ ity  in all 
three categories to th a t o f their parental groups. The phagocytic activ ity  (>10 
phagocytosed bacteria) o f  m acrophages o f the O CLs also revealed individual parental 
genetic influence on the  offspring. The OCL AxB show ed higher phagocytic activity 
(not significant) than the  both parents which suggesting likely positive heterosis in the 
outbred clones. The phagocytic activity o f O C L  BxC was nearer to  ICL C parent than 
ICL B which suggested  that ICL C parent likely elicited dom inant effect on the 
phagocytic activity o f its outbred offspring. T he phagocytic activity o f  the m acrophages 
in the OCL CxA  was c lo se r  to ICL A parent’s value than ICL C w hich suggested that 
ICL A had likely dom inan t genetic effect in its outbred clone, OCL CxA.
The total num ber o f  m acrophages per g o f head kidney tissue in all fish groups 
showed a significant co rrelation  w ith their serum  lysozym e activity (r=0.84, P<0.005, 
n=7). W hen the phagocytic activity o f  m acrophages in term s o f num ber contain ing >10 
bacteria was proportionately  calculated with total num ber o f m acrophages per g o f 
kidney tissue, it also show ed  a highly significant correlation w ith lysozym e activity 
(r=0.89, P<0.005, n=7). The proportionate num ber o f  m acrophages in the ICL groups 
showed large interclone variation: the value for the ICL C  was about 3 and 4 times 
higher than those o f th e  ICL A and ICL B respectively. The variation in the 
proportionate num ber o f  m acrophages which phagocyto.sed >10 bacteria in different ICL 
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groups m ight be due to the degree o f  effectiveness o f their non-specific defence 
m echanism s. But w hen the outbred clones were produced by crossing between inbred 
lines, tw o out o f the three outbred lines show ed a clear parental genetic influence on the 
offspring. The O C L BxC and O C L  CxA  show ed an in term ediate value to that o f their 
parents w hereas the OCL AxB show ed higher value than  those o f their parents.
The aforem entioned inbred and outbred clonal lines w ere also used for the 
bacterial challenge. The inbred clonal lines, ICL A and ICL B had previously been used 
in the first challenge experim ent, so there w as an opportun ity  to confirm  the response 
obtained w ith the second challenge. Fishes injected i.p. w ith A. hydrophilci (T4 strain) 
suspension (5x10^ cells ml ')  started to die within 12 hrs. The ICL B showed the 
highest m ortality confirm ed as being due to A. hydrophila  infection, whereas some 
m ortalities were also occurred in the ICL A and ICL C. A s well as the fish which died in 
the ICL B during the challenge, som e o f the survivors show ed A. hydrophila  infection. 
No bacteria were re-isolated from  fish in the ICL A and ICL C. S im ilar results o f 
mortality and infection w ith IC L B fish have also been found in the first challenge 
experim ent, while the ICL A fish showed few er m ortalities than in the first challenge. 
Liu et al. (1990) obtained experim ental infection o f tilap ia  with A. hydrophila  (7 .5 x l0 ‘' 
cells ml ')  by m eans o f im m ersion or oral inoculation. Four days after inoculation, the 
fish started to die and show ed m arked hyperem ia and  petechial haem orrhage on the 
body surface, base o f  fins and the operculum .
The outbred clonal lines, O CL AxB and OCL B xC  show ed significantly higher 
resistance to  A. hydrophila  com pared to their disea.se susceptib le parental inbred clonal 
line ICL B. The O C L  AxB, O C L BxC and O CL C xA  show ed 20% , 13.33% and 10% 
mortality respectively, and the surviving fish in OCL B xC  and O CL CxA show ed 3.33% 
and 6.67%  infection with A. hydrophila  respectively. T h e  num ber o f  infected fish in the
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OCLs did not show an y  significant difference. W iegertjes et al. (1993) characterized 
two brood females, R 8  (H ungarian origin) and W  (The N etherlands origin) o f C. ccirpio 
in terms o f resistance or susceptibility  to  disease by a bath challenge w ith A. 
salmouicida. They u sed  the offspring o f  these tw o fem ales including gynogenetic 
offspring w produced from  the W  fem ale and r8 progeny from  a normal cross betw een a 
male and female o f R 8  line and obtained 100% survivality in the w and 25%  m ortality  in 
r8 progenies. These resu lts  indicated that the W  fem ale brood was hom ozygous resistant 
(RR) and thus the gynogenetic  progenies from  this fem ale were 100% resistant. In 
contrast, the parents o f  r8 progenies were assum ed to be heterozygous (Rr) and as a 
result the r8 progenies were 25%  susceptible to A. salm onicida. This progeny testing 
result identified the tw o  fem ale broods’ (R 8 and W ) di.sease resistance who m ight 
produce di.sease susceptib le  and resistant progeny respectively upon gynogenetic 
reproduction. In the p resen t study, ICL B was the most susceptible to  A. hydrophila  
infection, but the c ro ss  breeding o f  ICL B w ith other inbred lines, ICL A and ICL C 
produced more d isease resi.stant hybrids, A xB  and BxC than the ICL B. K incaid (1983) 
reported that quan tita tive traits associated w ith reproduction or physiological efficiency 
are often affected by inbreeding depre.ssion, such as grow th rate and survival, w hich in 
turn might improve in hybrid lines. Nagy et al. (1984) ob.served fast grow th in hybrids 
produced from two gynogenetic  carp lines. O ther w orkers have indicated that hybrids 
have superior viability and di.sease resistance (Bakos, 1987, Ilyassov, 1987).
The inbred c lo n a l lines u.sed in this study were genetically different i.e. they w ere 
different from each o th e r  for a particular allelic form o f  genes. For exam ple, in C hapter 
3 of this thesis, M HC class II B genotypes o f  these lines w ere determ ined which show ed 
that they have d ifferen t M HC class II B haplotypes. During bacterial challenge, the ICL 
B showed a sign ifican tly  higher num ber o f  infected fish com pared to ICL A and ICL C.
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It is suggested from  the challenge results that the genetic variations might cause 
different non-specific im m une response in different lines and as a result, variations in 
disease resistance can be found betw een populations. T he bacterial challenge o f the 
clonal lines show ed that there was a relationship betw een the investigated immune 
param eters and susceptib ility  to A. hydrophila  infection (Table 4.6). The ICL A and ICL 
B did not show  significant d ifferences for their lysozym e activity, num ber of 
m acrophages per g o f  kidney tissue and phagocytosis o f  m acrophages containing 1-9 
and >10 bacteria, but ICL B show ed significantly  higher susceptibility  to A. hydrophila  
than ICL A. The probable reason for the higher su.sceptibility o f the ICL B might be due 
to it possessing a significantly  higher num ber o f  m acrophages w hich were unable to 
phagocytose bacteria  than that o f  ICL A. The ICL B also  show ed low er number of 
proportionately calculated  m acrophages than that o f the ICL A. On the other hand, the 
ICL C show ed significantly  higher lysozym e activity, num ber o f m acrophages per g of 
kidney tissue and phagocytosis o f m acrophages contain ing  1-9 and >10 bacteria than 
those o f  the ICL B. The ICL C also possessed about 4 tim es the num ber o f macrophages 
which phagocyto.sed >10 bacteria than the ICL B. S ince the ICL C showed a 
significantly low er level o f  su.sceptibility to A. hydrophila  than ICL B, it might be 
assum ed that during bacterial challenge the higher num ber o f  m acrophages in the ICL C 
led to com paratively  higher phagocytic activity against the challenge bacteria. However, 
the ICL C and ICL A did not show  significant difference for their disea.se 
resistance although ICL C possessed about 3 tim es more m acrophages which 
phagocytosed >10 bacteria than ICL A.
The infection levels o f  the O CL A xB  and O CL BxC  were interm ediate to that of 
their parents. The O C L  AxB show ed significantly h igher infection than ICL A and
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significantly low er than ICL B which indicated dom inan t effect o f ICL A in the ou tb red  
offspring. The O CL BxC, on the other hand, show ed  significantly low er infection th an  
ICL B and higher infection than ICL C. T his result suggested that the expression o f th e  
ICL C inherited genes in O C L  BxC w as dom inant. The O C L AxC showed h ig h er 
infection than the bo th  parents but not significantly  different from any o f them . 
Although all the O C L  groups were infected by A. hydrophila, they did not sho w  
significant d ifferences from  each other. They demon.strated sim ilar response to the  
challenge bacteria and therefore, none o f  the groups w as superior to others. The analysis 
of the genetic inheritance in the OCLs show ed that during crossing betw een a high and  
low resistant parent, the high resistant parent had a dom inant effect in the inherited  
genes and thus the resulting progenies becam e m ore  resistant than the low resistan t 
parent. These results indicated that there m ight b e  a possible way to produce m ore  
disease resistant individuals through segregation o f  resistant alleles from a di.sease 
resistant population by crossbreeding. H ines et id. (1974) reported that all FI cro sses  
between four inbred strains o f  com m on carp  were unaffected by the infections, a lthough  
two o f the inbred strains w ere previously susceptib le to disease.
Response o f a naïve fish to a pathogen or parasite  is entirely non-specific. W hen  
an artificial bacterial challenge is carried out w ith an  unim m unized fish, its non-specific  
defence com ponents such as lysozym e, com plem ents, m acrophages, granulocytes 
encounter the bacteria  and kill it. In the killing o f  bacteria, the phagocytic cells m ain ly  
m acrophages play an im portant role to  breakdow n the bacteria into peptides and  
elim inate them . The non-specific im m une response varies between individual fish and  
therefore, during artificial bacterial challenge d ifferen t fish responds differently. In case  
of an im m unised or pre-treated fish, the im m une response to the challenged pathogen is 
specific. The specific cellu lar defence com ponen ts such as T lym phocytes, B 
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5. G eneral discussion
All o f the experim ents conducted in this thesis were designed with a com m on 
objective, to exam ine the genetic variation in the specific and non-specific im m une 
responses o f d ifferent clonal groups o f  tilapia, O. niloticus. For this study, M H C  class II 
B genes are considered as a variable unit o f genetic com position between tilapia groups. 
Therefore, hom ozygous inbred and clonal lines w ere produced on the basis o f  different 
M HC class II B genotypes although it is recognised they m ay be the same o r different at 
other parts o f the M H C or o ther loci.
Inbred strains are valuable tools for various genetic studies. Inbred lines are 
hom ozygous at every  gene locus because they result from duplication o f a haploid set o f 
hom ozygous m aternal or paternal chrom osom es. C lonal lines produced from  different 
fam ilies may be fixed for d ifferent alleles o f polym orphic genes, so they are different 
from each other. Each clonal line m ay have a d istinct response to a stim ulus, and for this 
reason, any kind o f  biological assays can be conducted with them . C onventional inbred 
strains have only been developed for two species o f fish, Xiphophorus m aculatus 
(K allm an, 1970) and O. la tipes  (H yodo-Taguchi, 1980). Som e fish such as the 
particu lar cold w ater fish salm onids and cyprinids have long generation times and 
therefore, conventional full-sib m ating is not an ideal m ethod for producing inbred 
strains (Falconer, 1981). Rapid chrom osom e m anipulation techniques such as 
gynogenesis have been applied to the.se species to produce inbred strains (Thorgaard, 
1983; Nagy and Csanyi, 1984). Since tilapia has a com paratively short generation time, 
gynogenesis is a suitable m ethod for producing inbred m eiotic and mitotic individuals 
from th is species. Early heat shock is applied for m eiotic gynogenesis to induce 
le tcn tion  of the .second polar body, w hile late heat shock is applied to suppress the first 
m itotic division during m itotic gynogenesis. G ynogenetic inbred strains and their
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crosses can be used fo r standardisation  o f bio-assays (Falconer, 1981; R ich ter et al.,
1987) , for studies o f  im m une response (K aastrup et al., 1989), sex determ ination  and 
differentiation (K om en and Richter, 1993) and for stock im provem ent (W ilk ins, 1981; 
Gjerde, 1988).
A lthough both m eiotic and m ito tic  gynogenetics were successfully  produced in 
this study, their survival rates were low  especially in the m itotic gynogen population. 
The mean survival ra tes o f  m eiogynes and m itogynes were 48.95 ± 7 .3 5 %  and 6.88 ± 
1.53% respectively at the yolk sac resorption  stage, com pared to con tro l. Y ields o f 
meiogynes ranging from  0 to 63%  have been reported in O. niloticu.s (C hourrou t and 
Itskovich, 1983; M air e t al., 1987; M air, 1988; Penm an, 1989; Hus.sain e t a l., 1993). An 
average 24%  survival in the m eiogynes was obtained at the first feeding stage by using 
pressure shock o f 8 ,000  p.s.i. for 2 m ins com m encing 9 m ins after fertilisation  (M air,
1988) . The low survival o f m eiogynes m ight be due to the expression o f recessive 
deleterious and lethal genes resulting from  their hom ozygosity. Unlike m eiogynes w hich 
arc partially heterozygous due to recom bination  between non-sister chrom atids, 
mitogynes are com pletely  hom ozygous for every gene locus. Therefore, th e  presence o f 
homozygous recessive deleterious and lethal alleles should be higher in m itogynes than 
meiogynes. As a result, the survival rate o f m itogynes is lower than that o f  m eiogynes. 
Low survival rates o f  tilapia m itogynes have been reported with 2.0% survival in O. 
niloticus (H ussain et a l., 1993) and 0.8 and 0.8%  survival in O. a u reu s  and O. 
nios.samhicus respectively (M air, 1988). As well as the low er survival ra tes  observed in 
the gynogens, higher frequencies o f  hom ozygotes for deleterious alleles cause 
deform ities in diploids. Don and A vtalion (1988a), and Varadaraj (1990) reported that 
an increa.sed loading o f  deleterious genes was responsible for the higher proportion o f 
deform ities .seen am ong the gynogens com pared to control fish.
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A num ber o f  factors involved in the chrom osom e-set m anipulation may also 
affect the  survival rate o f gynogens. In m ost o f the studies with tilapia, naturally 
ovulated eggs w ere collected  from  fem ales m aintained in laboratory aquarium , where 
they released eggs under norm al courtship  w ith males. Som e m echanical dam age may 
occur to  the eggs during their collection from  the aquarium . A rtificial stripping is also 
u.sed to  collect eggs and this technique is com pletely dependent on m anual selection of 
ovulated females. S tripping o f  eggs prior to com plete ovulation  results in unacceptably 
low levels  o f fertilisation (M air, 1988). A fter in vitro  fertilisation, the eggs need to be 
incubated in a w ater system  w hich provides optim um  w ater quality  (Rana, 1988; 
Y eheskel and A vtalion, 1988). The system  requires clean, pathogen-free w ater 
preferably supplied w ith antibiotic treated or U V -sterilised w ater (Subasinghe and 
Som m erville, 1985; Don et al., 1987). Inactivation o f sperm  by higher dosages o f UV 
irradiation, or deleterious effects o f non-specific physical shocks applied to the eggs 
may a lso  result in low  survival o f gynogens. For exam ple, the heat shock is close to the 
upper lethal limit o f  tilapia eggs which m ay affect the zygote and blastu la developm ent 
(Subasinghe and Som m erville, 1992).
A nalysis o f the sex ratio  o f fish in this study show ed a high proportion o f m ales 
in both the m eiotic and m itotic gynogenetic groups o f a single fam ily. Fish produced 
from th ree  other fam ilies were m ostly fem ale in both gynogenetic groups. H igher 
proportions of m ales in m itogynes m ight arise from the effects o f rare auto.somal sex 
determ ining genes. The occurrence o f a higher percentage o f gynogenetic m ales in O. 
niloticiis  was al.so reported by H ussain et al. (1994a). They suggested that a sex 
determ ining locus (SD L-2) w ith two alleles m ight cause sex reversal from fem ale to 
male u n d er the recessive hom ozygous condition. M air et al. (1991a) observed a 
considerable proportion o f m ales in the inbred m eiogyne group o f O. nilotictt.s. They
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also found a higher proportion  o f  m ales (20% ) in the inbred m itogyne group. From  these 
results they assum ed that the m ito tic  m ales m ight be produced fro m  a natural sex 
reversal m echanism  that develops in the hom ozygous condition o f  rare autosom al, 
recessive, sex influencing genes.
M itotic gynogenetic fem ales were used to produce inbred a n d  outbred clones. 
Inbred clones were produced from  m itotic fem ales by meiotic gynogenesis. The 
resultant progenies are expected  to be all female. N eom ales (XX) w ere produced by 
adm inistering horm one (17  a -m ethy l testosterone) treatm ent. The resu lting  neom ales 
were used to firstly produce inbred clones by crossing them  with th e ir  m itotic m other, 
and .secondly to produce outbred c lones by crossing with another m ito tic  fem ale. The 
highest num ber o f inbred and  outbred clones o f O. niloticus  produced to date has been 
made in the study. T hirteen  inbred clonal lines, including 8 sibling clonal lines from  5 
different fam ilies, and several ou tbred  clonal lines were produced. There are .several 
ways by w hich the inbred and outbred  clonal lines can be produced. These are as 
follows :
i) Eggs from m itotic gynogenetic fem ales can be fertilised with UV irrad iated  sperm  and 
early heat shock (41-42 “C  for 4 m ins at 5 m ins post fertilisation) c a n  be applied to 
induce retention o f the .second polar body during the second meiotic d iv ision , and the 
resultant offspring are ca lled  inbred clones. These clones will ca rry  only maternal 
chromo.somes and they w ill have no  paternal inheritance. Their ab.solute m aternal 
inheritance can be confirm ed by D NA fingerprinting.
ii) Inbred clones can be produced by fertilising eggs from an androgenetic fem ale (XX) 
with UV irradiated sperm , follow ed by early heat shock for the reten tion  o f the second
2(H)
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polar body. DNA fingerprinting can be used to confirm  com plete UV irradiation of 
sperms and no paternal inheritance in the clonal offspring.
iii) UV irradiated eggs can be fertilised w ith sperm  collected  from  androgenetic males 
(YY) follow ed by late heat shock (42-42.5 ”C  for 4  m ins at 25-27 mins post fertilisation) 
to suppress the first m itotic division. C lones produced in this way are called inbred 
clones. DNA fingerprinting can also be used to ensure com plete UV irradiation o f eggs 
and the clones will have only paternal bands and no m aternal bands.
iv) Conventional sib m ating betw een gynogenetic cloned  fem ales and neom ales, or 
crossing between neom ales and their m itotic m other can produce inbred clones.
v) Conventional sib m ating betw een androgenetic cloned males (YY) and neofem ales 
(YY), or crossing betw een neofem ales and their androgenetic father can produce inbred 
clones.
v i) Eggs from gynogenetic cloned fem ales, or m itotic gynogenetic fem ales from one 
fam ily can be fertilised with sperm  collected from ncom ales from another family. The 
resultant progenies are called outbred clones.
v ii) Outbred clones can also be produced by fertilising eggs from neofem ales (YY) in 
t)ne family w ith sperm s o f androgenetic cloned males from  another family.
A lthough hom ozygous inbred lines and their c lones were successfully produced 
in  this study, it was necessary to verify their hom o/.ygosity, that is, their parental
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inheritance. The hom ozygosity o f  the inbred strains may be determ ined  by com paring 
allozymes, but this does not provide as much inform ation as m ultilocus DNA 
fingerprinting. A llozym e studies can, however, be carried out as a prim ary test to 
examine hom ozygosity o f  the inbred lines. It is com paratively easy, quick and le.ss 
expensive than DNA fingerprinting.
In m ultilocus DNA fingerprin ting , hypervariable D NA p ro b es are used to detect 
multiple m inisatellite loci th roughout the genom e, the results o f  w hich represent high 
levels o f polym orphism  o f  the fingerprint loci. The fingerprints w ere generated using 
Jeffreys 33.15 hypervariable probe (Jeffreys et ciL, 1985). This p robe  is com posed o f 10- 
15 bp, G-C rich tandem  repeat .sequences. These fingerprints successfully  showed 
parental inheritance in the gynogenetic offspring, with all m eio tic  and m itotic 
gynogenetics pos.sessing only the m aternal bands, and none o f th em  had the paternal 
specific bands. The m eiotic gynogens retain som e heterozygosity, particularly at loci 
distal to the centrom ere, w hereas the m itotic gynogens are com plete ly  hom ozygous for 
every gene locus. Thus it is expected  that the DNA profiles o f  m eiogynes should contain 
more bands than the m itotic gynogens. The fingerprints o f inbred c lo n es  show ed that all 
bands were identical with those o f  their m itotic m other, but no b an d s came from their 
father, while all outbred clones w ere identical and shared all bands from  both parents. 
Therefore, m ultilocus DNA fingerprin ting  can be used in the analysis o f gynogenesis as 
previously shown by G eorges e t al. (1988). In the ca.se o f  androgenetic  clones, the 
fingerprints show ed all bands cam e from  father and there were no m aternal bands in any 
of the clonal individual.
DNA fingerprinting produces highly variable, genetically d istinct m arkers for 
individuals (Fields et al., 1989). The.se individual-specific m arkers p rov ide  a new source 
of genetic indicators that can be u.sed in parentage (We.stneat, 1990; Rico et al., 1991)
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and linkage analysis (Jeffreys et al., 1986), forensics (Bär and H um m el, 1991), and 
genetic diversity studies (R eeve et al., 1990). It can also be used to  identify gynogenetic 
and androgenetic individuals and clones. High levels o f polym orphism  in the 
m inisatellite loci detected by hypervariable DNA probes are not usually m eaningful 
when com paring outbreeding w ild populations o f fish. How ever, in some species which 
have low levels o f  genetic variation or populations that have experienced bottleneck 
effects, genetic variation o f  these species can be determ ined through population-level 
com parisons using these m ultilocus DNA fingerprinting techniques. For the stocking o f 
com m ercially im portant fish, highly variable loci in DNA fingerprints m ay produce 
additional m arkers that can be used to evaluate inbreeding depression, especially  when 
used along side o ther techniques such as allozym e and m tD N A  analysis.
The identification o f  M H C  loci by PCR, like DNA fingerprinting, potentially 
provides inform ation about the inheritance o f fish resulting from gynogenesis. 
Amplification o f  M H C  class II B genes in this study, using tw o specific prim ers, 
identified m ultiple loci in the chrom osom e. The num ber o f  am plified loci varied from 
one individual to another. Screening o f M H C class II B inheritance in the m eiotic and 
mitotic gynogens show ed that both types o f  gynogens pos.sessed only m aternal bands, 
and the mitotic gynogens w ere hom ozygous for one o r other m aternal alleles. These 
mitotic gynogens were therefore considered as hom ozygous for certain M HC 
haplotypes. PCR using specific M H C primers can be considered as a potential technique 
for identifying different M H C haplotypes in the clonal lines. Since the clones were 
produced from a m itotic gynogenetic female in this study they had identical haplotypes 
to those o f their m other.
The clonal lines used in this study were identified fixed for different M H C  class 
II B haplotypes, but their hom ozygous nature for o ther M HC genes was unknow n. So
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far, 21 M H C  class II B haplotypes have been identified in O. n ilo ticus  (M alaga et al. in 
preparation), but their functional expression is yet to be elucidated . Since the num ber o f 
M HC loci varies between haplotypes, the functional expression o f  each haplotype might 
be specific. To exam ine the role o f  the M HC haplotypes, reciprocal scale grafting was 
conducted betw een three clonal groups show n to have d ifferen t M HC class II B 
genotypes. All transplanted grafts were acutely rejected by the recipient fish groups. 
This therefore indicated that the hom ozygous M HC class II B haplotypes o f the clonal 
groups were functionally different from  each other and resulting in  graft rejection. But it 
should be noted that apart from  M H C  class II B genes, som e o th e r M H C genes also 
might be involved in this graft rejection which was unknow n. S im ilar results were 
reported by Komen et a!. (1990) w hen skin grafts reciprocally  exchanged between 
m em bers o f  the tw o hom ozygous inbred strains o f com m on c a rp  were also acutely 
rejected.
Fish have both specific and non-specific im m une defences. R ejection o f grafts 
results from response o f  the specific defence m echanism s. In fish, transplantation 
im m unity has been studied using m ainly scale grafting (rev iew ed  by B otham  et al., 
1980). The rejection profiles o f scale transplants can be used to determ ine the degree o f 
inbreeding in gynogcnctic tilapia. This technique is very sim p le , quick and perm its 
sim ultaneously testing o f a large num ber of grafts. However, the technique may not have 
sufficient resolution to differentiate betw een controls, m ciogynes and m itogynes 
(A vtalion et al., 1988). A llograft rejection occurs by the cum ulative response o f  m ajor 
and m inor histocom patibilities. The m ajor and m inor h istocom patib ility  loci are thought 
to be polym orphic. Therefore, to determ ine the relative contribu tion  o f the m ajor and 
m inor histocom patibility loci in graft rejection, it is necessary  to reduce the 
heterozygosity of these M HC loci. In this respect, gynogenesis is a very effective
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method, w hich can greatly reduce the allelic diversity  at a given gene locus (Roux and 
Volpe, 1975; Cherfas. 1981; H ussain et a i ,  1993). C lonal lines used for scale grafting in 
this study were gynogenetically produced and they were fixed for different M H C class II 
B haplotypes. During .scale grafting all clonal lines respond positively and their rejection 
o f allografts indicated an M HC control specific ce llu lar im m une response against 
foreign antigens. Kallm an (1970) used naturally occurring  gynogenetic fish, Poecilia  
formosci for allograft experim ents, but his studies did not im m ediately initiate the 
general use o f  gynogenesis to elucidate the nature o f  the h istocom patibility  system  in 
fish. In a sim ilar experim ent using X. laevi, Du Pa.squier et al. (1977) provided evidence 
tor the X LA -com plex, the N4HC hom ologue in this species.
The first and often the most im portant re.spon.se o f  fish to infectious agents is 
non-specific immunity. It includes the soluble and cellu lar elem ents o f  acute 
inflam m ation, various serum  proteins such as lysozym e, com plem ent proteins, and the 
circulating and tissue phagocytes (T rust, 1986; Blazer, 1991). In order to determ ine the 
variation o f non-.specific im m unity betw een groups o f  cloned tilapia in the current study, 
an array ot im m unological param eters such as serum  lysozym e activity, respirator>' burst 
and phagocytosis ot head kidney m acrophages w ere studied. Besides the.se. 
haem atological tests such as total leucocytes and erythrocytes counts, differential 
leucocyte counts and haem atocrit m easurem ents were conducted.
Haem atological tests and analysis o f .serum constituen ts are useful indicators in 
the  diagnosis ol disea.se in tish, hut it must be rem em bered that .some factors such as 
age. strain, nutritional state, .season, environm ental stress (e.g. crow ding, density, water 
quality) and sexual m aturity can influence the results obtained (see Sandnes et al„ 
1988). Haem atological m easurem ents o f  fish are also influenced by tem perature (Lane. 
1979; Houston. 1980; Dunn e ta ! ., 1989; Lie et al., 1989b). Blaxhall and D aisley ( 1973)
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suggested that routine haem atological tests could help to assess the health and stress 
status o f  fish. They observed that the normal physiological range o f  fish is w ider than 
that o f hum ans.
It is known from  the literature that the num ber o f lym phocytes in blood can vary 
between individuals o f  a single species, depending on the conditions under w hich the 
blood sam pled, for exam ple, on the physiological conditions o f the  fish (K lontz, 1972). 
W atson et al., (1963) reported that goldfish lym phocytes consists o f  about 30%  of the 
total blood leucocytes. They also claim ed 70%  of all leucocytes a re  throm bocytes. T he 
ratio o f  lym phocytes to throm bocytes in rainbow  trout, O. m ykiss  blood has been 
reported as 25:1 by M cC arthy et a l., (1973), while W einreb (1958) c la im ed the ratio w as 
2:1. Little inform ation is available on the haem atology o f tilapia. H ow ever, the present 
study show ed a sim ilar lym phocyte to throm bocyte ratio (3:1 ra tio ) to that observed in 
rainbow trout (W einreb 1958). It a lso  show ed a variation in the num ber o f  lym phocytes 
and throm bocytes w ithin and betw een fish groups but the d ifferences were not 
significant. G ardener and Yevich (1969) observed seasonal variation  in the num ber o f  
lym phocytes and throm bocytes in cyprinodonts, where 2-13%  lym phocytes w ere 
counted in w inter and 7-8%  in sum m er, and throm bocytes varied  betw een 82-95% . 
Haem atocrit m easurem ents are norm ally used to check anaem ia  in fish. The 
haem atological values obtained in this study ranged from 28.4%  to 36.3%  which is 
sim ilar to haem atocrit value ob.served in the same species (33% ) (M oham m ed Al- 
O w aleir, personal com m unication) and also sim ilar to other haem atocrit values reported 
in tropical freshw ater fishes such as 29%  in Indian carp (Raizada an d  Singh, 1982) and 
30% in brow n snakehcad (N atarajan, 1981). A lthough all the fish g roups were reared in 
an identical condition, the haem atocrit values show ed significant differences between
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fish groups. These haem atocrit differences might indicate som e kind o f genetic 
influence on it.
Serum - and phagocyte-m ediated k illing are the tw o m ajor defence m echanism s 
o f  non-specific im m unity in fish (Trust, 1986; Blazer, 1991). Fish serum exhibits 
haemolytic ((Ingram, 1980) and bactericidal (K aw akam i et al., 1984) activities by 
com plem ent-like proteins, both through the classical and alternative pathw ays (see 
reviews by Ingram, 1980, 1990). Serum  lysozym e splits the peptidoglycan layer o f  the 
bacterial cell wall, particularly G ram -positive bacteria and thus facilitating cell wall 
lysis (Chipm an and Sharon, 1969). It is believed that m acrophages and granulocytes are 
the main producers o f  lysozyme. In m am m als, lysozyme exhibits m any functions such 
as bacteriolysis, opsonization, antineoplastic activity, and im m une response potentiation 
(Lie and Syed, 1986).
Lysozyme has been detected in the b lood , kidney, spleen, m ucus and som e other 
parts of the fish body. Its level o f  activity varies between fish species (Lie et al., 1989a). 
The levels o f  lysozyme concentration in fish increase during infection or injection with 
foreign particles (F letcher and W hite, 1973; Siwicki and Studnicka, 1987). Ingram 
(1980) suggested that lysozyme is more im portant for fish than for m am m als, since fish 
apparently possess a less developed specific im m une system . In the present study, 
lysozyme activity w as found to vary between the different clonal groups o f tilap ia  with 
one inbred clonal line (ICL C) show ing significantly higher levels o f  lysozyme activity 
than other two inbred lines (IC L A and ICL B). The outbred clones show ed an 
interm ediate level o f  lysozyme activity to that of their parents. S ince the clonal lines 
were different from each other for a particular set o f alleles, their differential lysozym e 
activity levels might be suggested a genetic infiuence on it. The lysozym e activity levels
2 0 7
-----------------------------------------------------------------------------------------------------------------------------------—-------------------------------------—  C h a p te r  V
of outbred clones indicated dom inant or additive parental gene tic  effects on their 
offspring.
M acrophages provide a m ajor line o f defence against invad ing  m icrobes. They 
are the first cells to respond to any kind o f  inflam m ation, and m igrate  in large num bers 
to the sites o f  inflam m ation. D uring an inflam m atory response m acrophages becom e 
activated w hich results in them  increasing in size, undergoing m etabolic  changes and 
developing increased phagocytic and killing properties. M acrophages appear to be the 
dom inant infiltrating cells in m ost cellu lar inflam m atory responses in teleosts and are 
capable o f developing into epitheloid cells and m ultinucleated g ian t cells (Roberts, 
1989). Their stim ulation and functional response is non-specific, b u t they affect and are 
affected by products and cells o f  the im m une system  (Ellis, 1980, 1981).
In tilapias, phagocytes which includes m acrophages and  neutrophils, have 
sim ilar phagocytic activity (Suzuki, 1986). It is known from the p resen t study that the 
intensity o f phagocytic activity o f  m acrophages varies from one g ro u p  of fish to another 
and it has a correlation with the serum  lysozym e activity. The clonal line ICL C show ed 
higher lysozym e activity and also higher level o f phagocytic ac tiv ity  of m acrophages. 
There is no direct influence o f  lysozym e on phagocytosis o f m acrophages. But since 
m acrophages produce ly.sozyme w hich helps to break down the cell wall o f bacteria, a 
higher level o f  phagocytic activity o f  m acrophages produces h igher am ounts o f 
lysozyme. The present study show ed that total num ber o f m acrophages per g o f  kidney 
tissue was significantly  different from one group to another. D uring phagocytosis some 
ol the clonal lines did not show  significant difference for their phagocytic activity o f 
m acrophages. But when the phagocytic activity o f macrophages w as  totally estim ated 
with the total num ber o f m acrophages per g o f kidney tissue, th e  calculated value 
showed a big dillerence betw een groups. Therefore during com paring  phagocytic
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activ ity  of m acrophages betw een populations, the total num ber o f m acrophages should 
be  considered. The phagocytic activity o f m acrophages in different inbred clonal lines 
show ed significant d ifferences between lines and the outbred clonal lines show ed an 
in term ediate level o f phagocytic activity to that o f their parents. Therefore the different 
levels o f phagocytosis in inbred clonal lines suggested a differential genetic influence on 
phagocytic activity o f m acrophages and dom inant or additive genetic effects o f the 
paren ts on the outbred offspring.
During phagocytosis m acrophages m ove tow ards the m icrobial m olecules guided 
by  a gradient o f  chem otactic m olecules. Once particles are surrounded by the surface of 
th e  m acrophage, the p lasm a expands along the surface o f particles and engulfs them  in a 
phagosom e. This process requires the active participation o f  actin-containing 
m icrofilam ents present under the cell surface. A fter engulfm ent o f bacterial particles by 
m acrophages, it has been show n that the phagosom es fu.se w ith prim ary lysosom es by 
form ing  secondary lysosom es (phagolysosom es) (N ichols et al., 1971). D egradation of 
th e  ingested bacteria occurs w ithin the lysosom e, w hich contains hydrola.ses and other 
enzym es essential for d igestion  o f the bacteria. Som etim es m acrophages engu lf bacteria 
b u t are unable to kill them . M any human pathogens such as Mycobacterium, Yer.sinia, 
Salmonella and Legionella are known to be capable o f  evading or resisting intracellular 
k illing  by phagocytes (M oulder, 1985; Finlay and Falkow , 1989).
During bacterial challenge with a pathogenic Aeromona.s hyJrophila strain, a 
significant variation o f d isease resistance was found betw een the different clonal groups 
o f  fish in this .study (C hapter 4). Prior to challenging the clonal fish, an optim um  
bacterial dose was determ ined through a prelim inary challenge to produce sufficient 
infection with m inim um  m ortalities. A bacterial suspension with a concentration of 
5x  10*' cells ml ' was intraperitoneally injected into the fish. The dead fish w hich resulted
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differential response o f the clonal lines to the challenged bacteria. Fish in the ICL B 
show ed significantly lower level o f phagocytic activity o f m acrophages than that o f  the 
ICL A and ICL C. This low er phagocytic activity o f ICL B m ight be involved in their 
higher susceptibility to A. hydrophila  infection. In other way, fish  in the IC L A and ICL 
C  show ed significantly higher levels o f phagocytosis o f bacteria  than ICL B and as a 
result they had a less susceptibility to A. hydrophila  infection. Apart from  phagocytic 
activ ity  o f  macrophages, serum  lysozym e activity might play an  im portant role to m ake 
a  line m ore or less susceptible to challenged pathogen but it w as not so clear in this 
study, because the ICL A and ICL B both showed sim ilar levels o f  lysozym e activity but 
the level o f  disease susceptibility o f  ICL B was higher than that o f the IC L A. O n the 
o ther hand, the ICL C show ed a higher level o f lysozym e activ ity  and a low er level of 
disease susceptibility. The haem atocrit values in different clonal lines did not show any 
consisten t relationship with other param eters. The analysis o f d isease su.sceptibility to A. 
hydrophila  indicated a clear genetic difference betw een inbred lines. It a lso  suggested 
that the hom ozygous alleles fixed in ICL A and ICL C m ight be more resistant to 
disease than ICL B and these alleles elicited strong im m une response against the 
challenged  pathogen.
In the case o f  outbred clones, the disease susceptibility  levels were interm ediate 
to  that o f  their parents and there was a relationship between th e ir  non-specific im m une 
respon.se and disea.se susceptibility. The analysis o f  non-specific im m une responses in 
O C L s show ed that the parents had a genetic effect on their outbred offspring. For 
exam ple, the ICL C had dom inant effect in its B xC  progeny. T h e  interm ediate response 
to  bacterial challenge o f the OCLs revealed that there was a defin ite  genetic effect on 
di.sease resistance. It al.so suggested that hy crossbreeding betw een a high and a low
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resistant population, high resistance alleles can be transm itted in the o ffspring  and thus 
more disease resistant population can be obtained.
A m in and A bdel-K erim  (1976) reported that intraperitoneal in jection o f  bacteria 
was a suitable route for infecting com m on carp. A lthough A. hydrophila was injected 
intraperitoneally into the fish in th is study, other routes o f inducing  this bacterial 
infection have also been described. A s well as intraperitoneal injection o f  A. hydrophila, 
E.steve et al. (1993) artificially induced disease in European eels {Anguilla anguilla) by 
waterborne exposure (bath challenge). They ob.served that intraperitoneal injection 
caused acute infection, w hereas infection  by bath challenge progres.sed more slow ly and 
produced few er m ortalities. Suthi (1991) dem onstrated infection  in Puntius 
schwanenfeldi and Oreochromis niloticus by bath challenge with A. hydrophila and 
infection w as possible in both fish w ith  and w ithout skin abrasions. Sharifpour (1997) 
found that in tram uscular injection o f  A. hydrophila produced ulcers on the body surface 
o f com m on carp, C. carpio 2 days after injection, and killed 33.3%  o f  the total fish. A 
sim ilar route o f  infection has been reported  in O. niloticu.s by M illar (1994).
The production o f resistant hybrids has been reported in A m erican catfish 
(Ictaluru.s pimctatus) by Plum b et al. (1975). They produced hybrids by crossing 
between a resistant population and a susceptible population and the resulting  hybrid fish 
showed few er m ortalities (9% ) from  viral diseases than their susceptib le (29% ) and 
resistant (13% ) parents. The cum ulative m ortalities from this study show ed that the ICL 
B was the m ost susceptible clonal line to A. hydrophila infection. W hen  this line was 
cros.sed w ith the m ore resistant clonal lines, ICL A and ICL C, the resulting  progenies 
exhibited higher resistance than that o f  their low er resi.stant parent. F rom  these results it 
can be assum ed that crosses betw een tw o hom ozygous populations m ore likely exhibit
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significant heterozygote dom inant effect and this factor may increase the disease 
resistance in the crossed populations.
V ariations in disease resistance betw een populations have been found in fish. 
W o lf  (1953) dem onstrated variations in m ortality betw een strains, ranging from  35.7 to 
65 .8%  in brow n trout and from 5.3 to 97.8%  in brook trout. Silim  et al. (1982) reported 
a w ide variations in m ortality due to IPN infection, ranging from 30.9 to  1 2 3 %  betw een 
th ree  species o f  brook trout. The variations in disease resistance betw een these 
populations lead scientists to produce disease resistant strains by selective 
crossbreeding. M any studies on disease resistance o f brow n and brook trouts have been 
conducted  in USA (W olf, 1953; Snieszko et al., 1959; Ehlinger, 1977). These studies 
h av e  led to considerable increases in the level o f disease resistance in fish through strain 
selection . A lthough a large am ount o f  literature is available on this subject, m ost o f the 
w o rk s were involved with natural outbred populations (Pojoga, 1972) o r at best partially 
inbred  strains (H ines et al., 1974). To accurately analyse genetic variation for disease 
resistance in fish, it is desirable to use fully hom ozygous individuals. In this respect, 
m ito tic  gynogenesis and other approaches adopted in this thesis may be useful for such 
analysis.
A lthough clonal lines were used in this study to analyse the genetic influences on 
im m une response, they can also be u.sed in many other research purposes:
i) clones are the gynogeneticaly or androgenetically produced second generation i.e. they 
a re  usually produced from mitotic females or androgenetic males. C lonal individuals are 
hom ozygous for every gene locus and they are identical to their hom ozygous m other or 
father. Therefore, the sex ratio o f clones can be used in studies on sex determ ining 
m echanism  o f  a fish population or species.
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ii) clonal lines can be used in genom e m apping. The techniques o f gene m app ing  can 
provide inside know ledge o f  gene organisation on the chrom osom e, gene regu lation  and 
their developm ental processes. It also helps to developing m arker loci which can 
increase the efficiency o f breeding program m e of com m ercially im portant fish species 
through m arker assisted selection.
iii) since clones are com pletely hom ozygous anim als, any interesting gene (e.g. disease 
resistance, grow th regulation) and their functional expression can be ex am in ed  in them.
iv) clones are free from recessive lethal and deleterious alleles and can be considered  as 
a starting population in im proving fish stocks.
V )  clones are pure and identical anim als, so they can be used in standardisation  o f 
bioassays such as toxicological, endocrinological and water pollution studies. For 
exam ple, if the clonal individuals o f a line are exposed to different concentrations o f a 
toxicant, they will respond differently and as a result, a variable level o f response  to the 
toxicant can be obtained. These differential responses of clones can be used to 
standardise the toxicological study. Sim ilarly, the levels o f natural water po llu tion  and 
its effect on aquatic life can be exam ined using clonal lines.
The analysis o f im m une response in tilapia during this study h ighligh ted  tw o 
points- genetic variation ex ists betw een clonal populations which results in  variation in 
disease resistance, and the possible im provem ent o f disea.se resistance in  the outbred 
clones by crossbreeding. Since the clonal lines o f tilapia are g rouped  by M HC 
haplotypes, it should be highlighted that M H C haplotypes along with o th e r  genes are
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involved in disease resistance o f these species. V ariation in resistance betw een clonal 
lines in this study results from non-specific im m une response, w hile M HC m ay control 
responses o f T lym phocytes and their memory function. A lthough the p resen t research 
was in  part an attem pt to  analyse the involvem ent o f M H C  genes in im m une response o f 
tilap ia, further research relating to the M HC o f the tilap ia  needs to  be perform ed and the 
fo llow ing areas are suggested for further investigation.
It is very im portant to determ ine and characterise the total M H C  haplotypes 
w h ich  exist in tilapia. T he M H C haplotypes can be determ ined by  sequencing the M HC 
genes using inbred or clonal (gynogenetic or androgeneic) individuals. As it is known 
that the num ber o f loci varies in M HC haplotypes, functional expression o f  different 
M H C  haplotypes needs to be determ ined. This can be partially conducted by scale or 
skin grafting between hom ozygous inbred strains. A lthough disease resistance o f a naïve 
fish is non-specific, the participation o f  a particular M HC haplotype in disease 
resistance requires to be exam ined. This can be carried out by analysing segregation o f 
d ifferen t MHC haplotypes from clonal lines in the subsequent generations. The 
segregation  o f M H C haplotypes and their response can be exam ined by producing FI 
and F 2  generations through crossbreeding between a high and low disease resistant 
c lonal lines and challenge them  with a pathogenic bacteria  or parasite.
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- A p p e n d ic e s
2.1 Modified Fish Ringers solution (MFR) 
Ingredients Original Chemical 
composition
NaCl
KCl
N aH C O i 
C aC b , 6 H 2 O 
D istilled w ater 
pH
Solution stored  at 4 °C.
Remodified chemical 
composition
3.25 g 3.25 g
1.50 g 2.50 g
O .lO g O .lO g
0 .1 5 g 0 .1 5 g
500 ml 500 ml
8 . 0 8.3
2.2
2.3
Cortland’s saline 
Ingredients
NaCl
C aC b , 2 H 2 O
N a H 2 P 0 4
N aH C O ,
M g S 0 4
G lucose
Amount
1.81 g
0.04 g 
0.09 g 
0.25 g
0.06 g
0.25 g
EDTA 0.23 g
Dis.solved in 250 ml distilled water.
Tris-Borate-EDTA (TBE) buffer for starch gel electrophoresis 
Ingredients Amount
Tris (0.5 M )
Boric acid  (0.24 M) 
ED TA  (0 .016  M)
60.57 g 
15 .00g  
5.99 g
D issolved in distilled water to make the total volum e 1000 ml and pH adjusted 
to 8.5. F or electrode undiluted buffer was used but for gel preparation it was 
diluted 1 : 1 0  with distilled water.
2.‘5()
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Appendix 3
3.1 Histological processing schedule for autom atic tissue processor
50% m ethylated sprit 1 h
80% m ethylated sprit 2  hrs
1 0 0 % m ethylated sprit 2  hrs
1 0 0 % m ethylated sprit 2  hrs
1 0 0 % m ethylated sprit 2  hrs
1 0 0 % ethanol 2  hrs
1 0 0 % ethanol 2  hrs
C hloroform  1 h
C hloroform  1 h
M olten wax 2 hrs
M olten  wax 2 hrs
M olten  wax 2 hrs
3.1.1 Haematoxylin-Eosin staining protocol for tilapia scale slides
X ylene
A bsolu te  alcohol I 
M ethylated sprit 
W ash in tape water 
H aem atoxylin  
W ash in tape water 
Acid alcohol 
W ash in tape water 
S co tt’s tap water 
W ash in tape water 
Eosin
W ash in tape water 
M ethylated  sprit 
A bsolute alcohol 11 
A bsolu te  alcohol I 
X ylene (Clearing) 
X ylene (Coverslip) 
M ounting
5 mins
2  m ins
1.5 m ins 
1 min
5 m ins 
1 min
3 quick dips 
1 min
1 min 
1 min 
5 mins
1 min 
30 sec
2  m ins
1.5 mins 
5 mins
upto m ounting 
DPX
2 5 2
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Appendix 4 (continued)
autoclaved at 121 °C for 20 mins. T he m edium  was left for approxim ately 12 hrs before 
use.
4.5 Tests for identification o f bacteria
4.5.1 G ram ’s Stain for bacteria in smears
The m orphology o f bacteria  is difficult to observe in wet and unstained 
preparations. U sually thin fdm s o f  organism s were prepared and stained  in order to 
exam ine them .T he G ram ’s stain is a differential stain and is the m ost im portant and 
w idely used technique in bacteriology, as it divides nearly  all bacteria into one o f two 
categories.
G ram  positive- resist decolourisation  by ethanol or acetone and .stain b lue/purple 
G ram  negative- are decolourised by ethanol or acetone and are stained red/pink.
T he difference in the co lour reaction is due to the d ifferen t chem ical 
com position  o f the cell w all betw een bacteria.
Method
1. A looptul sterile saline was placed on a clean m icroscope slide
2. A m inute quantity o f bacterial culture was rem oved from  an agar plate using a sterile 
loop and em ulsified in the liquid on the slide and spread evenly
3. The slide was allow ed to air dry
4. The slide was held w ith the film  upw ards using forceps and slowly passed through a 
Bunsen flam e three tim es to fix the film
5. The slide was allow ed to  cool and placed in a staining dish
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6. The slide  was im m ersed in crystal violet so lu tion  and left for approxim ately 1 min
7. The residual stain was washed o ff with w ate r, then the slide was im m ersed in iodine 
and left fo r approxim ately 1 min
8. The slide was then placed in alcohol/acetone m ixture and m ixed gently for 
approxim ately  10 seconds
9. The slide was washed thoroughly with w ate r
10. The slide was placed in safranine solution fo r  approxim ately  2 m inutes
11. The slide was washed thoroughly with w ate r, then dried  and cleaned the bottom
12. M icroscopically  the stained slide was exam ined  using first x40 objective and then 
xlOO objective under oil immersion
4.5.2 M otility test
T his test dem onstrates w hether a b ac te ria  is capable o f independent m ovem ent, 
i.e. is m otile. M any species o f bacteria are capab le  o f  m otility by  the m ovem ent o f 
external appendages called flagella. This m o tility  can be observed directly under the 
m icroscope using a suspension o f living bac te ria  in a “hanging drop slide” . A drop o f 
bacterial suspension is hung from the underside o f  a coverslip  and m ounted, using soft 
paraffin, on  a micro.scope slide. Direct observation  o f the slide under the x40 objective 
lens o f  a m icroscope will then reveal w hether th e  bacteria are m otile.
All bacteria in suspension exhibit m ovem ent w hich is quite random  and non- 
d irectional, whereas only some bacteria exhibit true m otility  which is non-random  and 
directional.
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Method
1. V aseline w as placed on the four corners o f a coverslip
2. The coverslip  was p laced, vaseline up, on the bench
3. A loopful sterile saline w as placed on the coverslip. The loop was re-sterili.sed and a 
very sm all am ount o f  bacterial grow th from an agar plate was picked up by it and gently 
em ulsified  in the saline
4. A m icroscope slide was gently  placed onto the vaseline m ounds w ithout allow ing the 
slide to touch the drop o f culture
5. The slide was then quickly , but gently  inverted so that the drop was hanging from  the 
coverslip
6. The slide was carefully  p laced onto the m icroscope and the x40 objective lens was 
rack dow n until it was ju st touching the coverslip
7. The objective lens w as slow ly racked up until the image was form ed
8. Finally the bacterial m ovem ent w as exam ined
4.5.3 Oxidase test
This test dem onstrates w hether a bacterium  possesses certain oxidase enzym es 
that are involved in electron transfer from electron donors. If the redox dye tetram ethyl- 
p-phenylenediam ine is used as the electron acceptor, this will be reduced and show ed a 
deep blue colour.
G row th from  an agar culture o f  the organism  to be tested is sm eared onto a pre­
prepared freeze-dried reagent strip (Oxida.se strip) and the co lour o f the sm ear is noted 
after 30 seconds. It is im portant to note that bacterial culture m ust be sm eared using a
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platinum  w ire as other bacteriological wires m ay  contain traces o f  iron which could 
catalyse the reaction and give a false positive resu lt.
Method
1. An “oxidase strip” was placed into a clean Petri dish
2. A platinum  w ire was sterilised and allowed to cool
3. A heavy inoculum  o f pure growth from a cu ltu re  plate was p icked up using the tip  of 
the wire
4. The inoculum  was sm eared over the area o f  filter paper contain ing the “oxidase 
reagent”
5. The wire w as re-sterilised
6. The sm ear w as observed for up to 30 seconds and  noted any co lour change 
Result
A deep  blue or purple colour developing within 30 seconds indicates oxidation 
of the reagent and a positive result.
4.5.4 O-F test (Hugh and Liefson)
T his test dem onstrates w hether bacteria c a n  break dow n glucose aerobically  (by 
oxidation) o r anaerobically  (by fermentation).
A cu ltu re  o f the organism  is inoculated  into freshly prepared tubes o f  O-F 
medium  by a single stab with a straight wire. O n e  tube is incubated in the pre.sence of 
air (open, aerobic tube); the other is covered with a thick layer o f  liquid paraffin  to
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